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Abstract
This thesis reports a study of a viable way to produce ultra-shallow n+-p 
junctions for the next generation of CMOS devices (10-20nm node or logic 
technology). The ion implantation of an alternative species to arsenic (As) namely 
antimony (Sb) for n-type doping in silicon has been investigated. Being a heavier ion, 
antimony has the potential to give rise to very sharp doping profiles with little lateral 
and longitudinal straggling. It experiences no implant induced Transient Enhanced 
Diffusion (TED), as it is a vacancy-assisted diffuser.
A detailed study of the electrical characteristics of the antimony implanted at 
energies ranging from 2 keV to 40 keV into silicon layers as a function of annealing 
conditions is made in the range 600°C to 1100°C for times of seconds to hours. A 
comparison between antimony and arsenic is made with respect to electrical 
activation and sheet resistance.
A novel Differential Hall Effect technique has been developed to obtain doping 
profiles at a depth resolution down to 2nm with junction depths of about 20nm. A 
comparison has made between single implants [(5keV Sb+, 5xl014cm’2), (2 keV Sb+, 
lx l0 15cm'2)] and double implants [(5 keV Sb+, 5xl014cm'2 + 70 keV Sb+, 3xl013cm" 
2), (2 keV Sb+, lxlO15 + 30 keV Sb+, 2xlOl3cm'2)] in terms of electrical profiling. 
Double implants enable profiling down to the 1018 cm‘3 carrier concentration level.
We include a comparison between differential Hall effect (DHE) measurements 
of carrier concentration and mobility profiles and Secondary Ion Mass Spectroscopy 
(SIMS) measurements of the atomic profiles for different annealing temperatures. 
Rutherford Back Scattering (RBS) has been used to calculate the retained dose of the 
samples both as implanted and after thermal treatment, and to obtain information 
about the atomic distribution of the dopant inside the layer, especially in terms of its 
lattice location, and of the damage induced by the bombardment.
The key findings in the thesis are:
• It has been demonstrated that a low thermal budget causes negligible diffusion and 
the formation of shallow junctions in low energy (2-5 keV) antimony implanted 
silicon.
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• We have confirmed that the electrical activation decreases and the sheet resistance 
increases for antimony implanted Si with increasing temperature and time, however, 
arsenic behaves in the opposite way.
• A Hall effect profiling technique has been developed to measure shallow doping 
profiles (<20nm) in ion implanted silicon with nanometre resolution. The technique 
has been applied to electrical profiling of 2-5 keV implants of antimony in silicon.
• We have successfully profiled single low energy implants of antimony and also 
double implants; the latter enables complete profiles to be measured down to a 
concentration of about 1018 cm'3.
• Finally the main conclusion from this work is that low energy (2-5 keV) implants 
of antimony followed by annealing in the range 600-800°C produce ultra shallow 
junctions which are close to meeting the specifications of the ITRS for future 
generations of CMOS devices.
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Chapter One
1. Introduction
1.1 Background
Semiconductor technology has grown rapidly in the past few decades. Integrated 
circuit complexity has advanced from small-scale integration (SSI) to medium-scale 
integration (MSI), to large-scale integration (LSI), very-large-scale integration (VLSI) 
and finally ultra large-scale integration (ULSI). Every year there is a continuing 
reduction in device dimensions, which require increasingly shallow n-p junctions [1].
Since the 1970’s, the method of ion implantation has continued to develop, 
which largely satisfies the conditions of controllability and reproducibility for the 
doping of semiconductors, and over the past 20 years this has become the method of 
choice for fabricating integrated circuits [2]. During ion implantation, charged atoms 
or molecules irradiate the substrate. For most commercial ion implanters, the ions are 
subjected to acceleration voltages in the range 10 to 200 kV. Due to the enhanced 
depth control of the dopant profiles, ion implantation has very good reproducibility 
and control and has largely replaced chemical diffusion for doping in device 
fabrication.
The main objective of ion implantation is to introduce the desired dopant species 
into the substrate in a controlled manner. Controlling the implant requires that an 
exact quantity of the dopant species is delivered per unit area into the wafer at the 
correct depth within the wafer. Post implant anneal is used to repair the lattice damage 
caused by the implant and to electrically activate the dopants [3, 4],
One of the major aims for the future of integrated circuits is the scaling down of 
complementary metal oxide semiconductor (CMOS) devices to below 0.1pm gate 
lengths for continuing performance and density improvement [5]. As the size of the 
gate electrode is reduced, the vertical and lateral dimensions of doped regions in the 
silicon substrate must shrink as well to allow shallow, source-drain (S/D) extensions 
at the gate edge to be obtained.
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Interesting comments have been reported [6, 7] by Hu et at. regarding high 
performance sub-micron MOSFET designs. This research introduces a process that 
can provide junctions of the appropriate depth, with good electrical characteristics, 
minimal damage to other device materials, with good throughput at low cost, for 
increasing sizes of wafers. The junction must have low series resistance, be free of 
defects and contamination that may affect dopant diffusion or electrical activation. All 
processes must be easily integrated into current CMOS processing, providing quality 
junctions with high throughput and low cost.
The actual requirements for future devices is summarised in the International 
Technology Roadmap for Semiconductors (ITRS) [27] (see section 2.3) which 
predicts the dimensions and properties of materials required to make future 
generations of CMOS devices. These devices represent one of the major 
semiconductor industries and involve many ion implantation process steps. The work 
planned here is aimed at a particular part of the CMOS device which it is known will 
be a problem to fabricate in the future. Thus we have considered and developed an 
implantation and annealing process to fulfill this aim and have developed a technique 
to measure electrical profiles in these very shallow layers.
The formation of n-type ultra shallow layers is easier than formation of p-type 
ultra shallow layers since the mass of the most commonly used n-type dopant, arsenic, 
is much larger than that of boron [1]. Therefore n-type shallow layers can be produced 
using relatively high ion energies (10 keV). There have been many publications in 
recent years on the production of ultra-thin n-type layers using direct ion implantation 
of arsenic [8-12]. These papers deal with ion energies in the range of 0.5-20 keV and 
demonstrate junction depths after annealing of 35-60nm, with sheet resistivities in the 
range of 180-310 O/n [9, 12]. The effects of implant temperature on transient 
enhanced diffusion of arsenic have also been studied for an ion energy of 2.5 keV [10, 
11]. There is a significant in-diffusion of arsenic, which depends on the substrate 
temperature after annealing above 875°C for 10s. Thus, junction depths depend on 
both annealing and implant conditions and can be varied between 10 nm and 30 nm 
for annealing temperatures in the range of 875°C to 975°C. A recent paper describes 
key technologies for sub-lOOnm CMOS device fabrication [13] in which the 
source/drain extensions are formed by low energy implantation of arsenic for NMOS
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and BF2+ for PMOS. Arsenic ions at an energy of 5 keV were used to produce a 
junction depth of about 50 nm after an annealing cycle of 1000°C for 4s. Deleonibus 
et al [14] reported a source-drain junction depth of 17nm for 20nm gate length 
NMOSFETs using an As+ dose and energy of lxlO14 ions/cm2 and 3 keV respectively 
after an annealing cycle of 950°C for 15s.
Shallow n-type layers have also been produced using antimony implantation for 
energies in the range of 300 eV to 48 keV [9, 15-17]. Shannon [15] has reported 
junction depths of 25nm after implanting Sb+ into Si at a dose and energy of lxlO14 
ions/cm2 and 10 keV respectively using an annealing cycle of 750°C for 15min, with 
close to 100% electrical activation. However, Moffatt et al [9] have reported an 
activation of only 50% using a dose and energy of 2*1015 ions/cm2 and 300 eV 
respectively for an annealing cycle of 525°C for lOmin. They showed that this poor 
electrical activation is due to the absence of a surface native oxide layer. Ridgway et 
al [16] has also reported high electrical activation (~100%) in the presence of the 
oxide layer for 16 keV Sb+ implants and doses of 5xl014 ions/cm2 and lxlO15 cm'2 
after annealing at 950°C for 30min. However, Ridgway et al [16] has shown that 
using an annealing cycle of 1000-1150°C for 10-30s, produces about a 50% loss of 
antimony. Shibahara et al [17] reported a junction depth of about 20nm with a sheet 
resistance of 260 CUa using a dose and energy of 6xl014 ions/cm2 and 10 keV 
respectively and an annealing cycle of 800°C for 10s. They have also claimed that 
using spike annealing (zero time at maximum temperature) reduces pileup and profile 
broadening. Higher annealing temperatures cause pile-up of the antimony at the 
interface between the screen oxide and the silicon.
Both antimony [18, 19] and arsenic [19] have been activated using laser 
annealing, a technique which has been revived in the last several years, following 
earlier work in the 1980s. It has been demonstrated that very shallow layers (20­
40nm) of boron doped silicon suitable for sub-100 nm CMOS device fabrication can 
be produced using this technique [20, 21]. Similarly it is possible to produce ultra­
shallow layers of As and P doped silicon by this method, with abrupt junctions, 
suitable for device applications.
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The junction depth is mainly controlled by the ion energy assuming that 
diffusion during annealing is negligible. Thus antimony is a suitable ion species for 
the fabrication of shallow n-type extensions because of its heavy mass and low 
diffusivity [17]. However, there are reports that the equilibrium solubility limit is too 
low at lx l0 19cm"3 at 850°C and 2xl019cm'3 at 1000°C [17], but more recently a value 
of 4.5xl020 cm'3 has been reported, which is more acceptable [22].
Thus, one of the challenges of this project is to achieve low sheet resistance 
(<200 fl/n) and high electrical activation (<100%) of the antimony implanted shallow 
layers. Differential Hall Measurements (DHM) are carried out to obtain the doping 
profile. The n-type layers are also structurally characterized by Rutherford 
Backscattering Spectroscopy (RBS) and Secondary Ion Mass Spectroscopy (SIMS).
1.2 Objectives
The objectives of this project are as follows:
• To measure the electrical characteristics of low energy (2-5 keV) antimony 
implanted silicon, using the differential Hall effect technique.
• To compare the electrical properties of antimony and arsenic implants in silicon 
for shallow junctions formation.
• To produce and measure ultra-shallow junctions using antimony in silicon with 
depths < 20nm and sheet resistivity Rs < 1000 fl/u.
• To compare electrical data with requirements of the International Technology 
Roadmap for Semiconductors (ITRS).
1.3 Scope
A large number of samples have been processed. Samples were implanted with 
arsenic (As) at different energies, namely, 10 keV and 30 keV with doses ranging 
from 5xl014 ions/cm2 to lxlO15 ions/cm2. Antimony (Sb) was implanted into another 
set of samples at different energies ranging from 2 keV to 40 keV for fluences ranging 
from 4xl014 ions/cm2 to lxlO15 ions/cm2. The samples were annealed at temperatures 
ranging from 600°C -1100°C for times from 10s to 60min.
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1.4 Outline o f  thesis
This thesis is divided into six chapters. Chapter one gives a brief introduction, 
objectives, scope and outline of the thesis. Chapter two reviews the literature of ion 
implantation of antimony (Sb) into Si. In chapter three, a detailed explanation of the 
experimental processes, ion implantation theory, annealing process and Differential 
Hall Effect (DHE) are presented. Secondary Ion Mass Spectrometry (SIMS), 
Rutherford Backscattering Spectroscopy (RBS) and differential Hall effect (DHE) 
measurements are described in chapter four. Chapter five presents the electrical 
results and discussions for antimony and arsenic implantation into silicon. The effect 
of various implantation parameters such as dose, energy, dopants, annealing 
temperature and time on electrical activation and shallow junction formation is 
discussed. A comparison of our experimental results with some published data is also 
presented. Chapter six gives a general summary and conclusions of the work done. 
Future work is also outlined in this chapter.
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Chapter Two
2. Literature review
2.1 Introduction
Transistors are the heart of the microelectronics industry. In day-to-day life, 
there are many applications of microelectronics in computers, televisions, mobile 
phones, automobiles, home appliances, aircraft, medical appliances, space shuttles, 
etc. In Integrated Circuit (IC) technology, transistors can execute some millions (with 
>109 frequency) of instructions per second, which is called flow of binary information 
[23], Historically, transistors replaced vacuum tubes. In its simple operation, a 
transistor can act as an electronic switch with on and off functions.
2.2 Shallow and ultra shallow junctions Process
The formation of shallow junctions has become an extremely critical step in the 
fabrication of MOSFETs. For a sub-micron CMOS transistor, there are two extreme 
features. One is the control of the short channel effect (SCE) and the other is to have 
low sheet resistance [24]. This can only be achieved by formation of shallow 
junctions in the MOSFET. One of the important characteristic features of short 
channel devices is that they reduce junction leakage across the channel [25]. Shallow 
junctions (SJ) or ultra shallow junctions (USJ) can be fabricated using techniques 
such as, ion implantation, epitaxial doping, plasma doping. However, ion implantation 
followed by rapid thermal annealing, is the conventional technique used for better 
controllability, reproducibility and dopant uniformity. During implantation, the ions 
bombard the substrate with certain energies. To obtain lower or reduced range, the 
energies should be low. High temperature annealing at a rapid rate, that is, rapid 
thermal annealing is preferred to achieve reproducible and controllable low sheet 
resistance whilst reducing the thermal budget in order to control unwanted diffusion 
of the dopant [26].
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Source and drain junction depths were typically of the order of microns in 1981. 
Dopants, deposited by evaporation from solid sources, diffused into the silicon wafer 
during long furnace anneals. Over the years, ion implantation has replaced diffusion, 
using lower and lower energies to form shallower and shallower dopant profiles [26]. 
Furnace diffusion and activation have given way to rapid thermal annealing (RTA), 
intended to minimize the thermal budget and ensure minimal diffusion [26].
The formation of ultra-shallow transistor junctions is an essential roadmap 
requirement to achieve future generation, gigahertz-speed devices using sub 0.1/im 
and below design rules [27]. It is has been extremely difficult to ensure that dopants, 
once implanted, remain precisely positioned in the device after RTA. Subtle process 
variations can offset the depth of the implanted dopants by tens of nanometres, 
adversely affecting device performance and manufacturing yield [27].
The energy of the implanted ions determines the depth and lateral spread of the 
implant. In USJ, it is critical to control the implant depth to within a few atomic 
layers. This can be achieved by controlling the ion energy, ramp rate and temperature 
uniformity [1].
Scaling down the MOSFET results in improvements in its performance 
characteristics, such as power dissipation, speed or switching time. In this context, the 
reduction of the gate length of the MOSFET assumes main importance because the 
gate length determines the performance of the transistor. Obviously, as the size of the 
gate electrode is reduced, the vertical and lateral dimensions of doped regions in the 
silicon substrate must shrink as well [2],
Making the gate length smaller results in, however, a reduction of the separation 
distance between the depleted source and drain layers, which can cause the flow of a 
leakage current even when the transistor is turned off [28]. This is one of the so-called 
Short Channel Effects, which negatively affect the transistor properties when the size 
of the device is reduced. This effect can be quantified in terms of the lowering of the 
threshold voltage (V,), which has been empirically found to be proportional to the 
gate length (L) and a function of the thickness of the doped S/D 
extensions (x; ) according to the expressions [29, 30],
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A V,ae~Ux (2.1)
xa x 'Ji x„ (2.2)
where the parameter xox is the gate oxide thickness.
Usually, at the high earner concentration used for the source and drain 
extensions, the mobility is saturated at the low values due to the impurity scattering. 
Increasing the dopant concentration further can result in a further decrease of the 
mobility due to dopant precipitation. The sheet resistance (Rs) is one of the 
components of the series resistance involved in the transistor. The total resistance 
(Rtotai) is given by:
whereRcois the contact resistance, is the spreading resistance andRacis the 
accumulation resistance [31].
This increase of the total parasitic resistance in the S/D resistance causes, in 
turn, a reduction of the current of the transistor in the “on” state. This effect leads to a 
decrease in the noise margins of logic circuits using the device [32].
Shibahara et al [17] has reported a junction depth of about ~19 nm with a sheet 
resistance of 1400 D/d using an energy of 10 keV of antimony (Sb) for doses ranging 
from lx lO 13 /cm2to l x l 0 14/cm2 after annealing at 850°C for 10s. Formation of 
shallower junctions is not difficult and can be achieved by reducing the ion energy, 
because of the low diffusive nature of antimony. However, improvement (decrease) in 
sheet resistance (Rs) is more important than the junction depth for further scaling in 
order to minimise the total resistance, Rtotai- The RTA method is effective for the 
reduction of pileup and the improvement in Rs. The amount of pileup and dopant loss 
increases with antimony dose. Therefore, effective reduction in Rs by increasing the 
ion dose is difficult without pileup reduction. The dopant loss is increased by 60% for 
an ion dose of 1 x 1014 /cm2.
R to ta l -  R c o  + R s + R sp + R ac (2.3)
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Another important parameter that has to be taken in account when considering a 
junction, apart from its depth, is the shape of the dopant distribution. It has been 
shown, in fact, that increasing the abruptness of the junctions allows closer to ideal 
behaviour inhibiting thermionic effects on earner generation [2]. From what has been 
stated, thus far, the motivations that push the research toward the achievement of 
ultra-shallow junctions are clear. It is use of ultra shallow layer, in fact, one of the 
most important ways of reducing short-channel effects, which cause the device to leak 
when its length is scaled beyond the 0.1 pm gate length [2],
2.3 Junction Devth
Table 2.1 gives the shallow Source Drain Extension (SDE) junction 
requirements based on the 2001 International Technology Roadmap for 
Semiconductors (ITRS) [27]. The technology required to create such structures, via 
implants at moderate energies and high tilt angles, is quite well developed. It is not 
possible to argue the same for the processes required to create ultra-shallow junctions. 
In this case the area is still under investigation, attracting, obviously, a very high 
interest.
Referring to the 2001 edition of The International Technology Roadmap for 
Semiconductors (ITRS), edited by the Semiconductors Industry Association (SIA), 
the further integration of MOS devices has become a challenge because the traditional 
transistor and capacitor formation materials, silicon, silicon dioxide, and polysilicon 
have been pushed to fundamental material limits and continued scaling has required 
the introduction of new materials [27]. Especially from'the point of view of source 
and drain extensions the ITRS draws very restrictive predictions for the near and far 
future (see table 2.1).
There are a number of results related to the junction depth and related 
parameters, which are discussed in chapter 5.
Table 2.1: ITRS Roadmap 2001 for Ultra Shallow Junctions [27].
ITRS Roadmap 2001 for Ultra Shallow Junctions
Year o f production 2004 2007 2010 2013 2016
Gate electrode thickness (nm) 37-74 25-50 18-36 13-26 9-18
Drain Extension X.T (nm) 15-25 10-17 7-12 5-9 4-6
Drain extension sheet resistance ( il/n ) 660 760 830 940 1210
Achieving shallow layers with the same levels of resistance (Table 2.1) is not 
such a big issue for NMOS devices. Due, in fact, to the higher solid solubility in 
silicon of the n-type dopants and to the fact that the junctions can be processed at 
lower annealing temperatures with a lower degree of diffusion, shallow n-type 
junctions are easier to fabricate. Already, a process for the formation of a device with 
a 40nm gate and junctions depth of lOnm has been reported using (n-type) solid phase 
epitaxy [33].
It has to be noted that the aggressive downscaling of the junctions requires a 
complicated trade-off between the junction depth and the series resistance produced 
by the structure that will become more and more difficult to achieve from one 
technology node to another. Shallow junction processing includes all the required 
steps of dopant introduction, activation and diffusion. Furthermore, the process to 
produce such ultra-shallow junctions, has to be integrated easily into existing CMOS 
processes and should be compatible with the creation of both n and p-type shallow 
junctions.
2.4 Ion Imvlantation
Ion implantation is a non-thermal method of introducing impurities into 
materials. This work is concerned with implantation into silicon. Dopant atoms are 
ionized, accelerated and directed at the silicon wafer. The high-energy ions enter the 
crystal lattice, collide with the silicon atoms and finally come to rest. The energies 
required are in the range from a few keV to MeV and for the commonly used 
impurities, such as antimony, it is possible to implant these ions to a depth of 10-1000 
nm beneath the silicon surface [1].
Adjusting the acceleration energy controls the average depth of the dopant 
atoms in the silicon and monitoring the ion current during implantation controls the 
ion dose. Therefore to form a very shallow dopant layer, low energy implanters are 
needed. Ion implantation has become important because of its ability to control, with 
precision, the thickness and doping level of implanted layers by varying the energy 
and dose of the ion species [1].
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Initially ion implantation was developed as a means of doping the 
semiconductor elements of integrated circuits. It was shown to have several 
advantages over growth or diffusion techniques, such as accurate dose and depth 
control, good uniformity and reproducibility of doping, low temperature or room 
temperature operation, minimal lateral spread of dopants beneath a mask, and several 
dopants may be added..It is also often possible to introduce dopants, which cannot be 
introduced by diffusion. Because of the speed, accuracy, cleanliness and 
controllability of the process, it has become the standard for this type of work [1],
There exist several sources of evidence on the effect that the pre-amorphisation 
implant has on the electrical properties of the annealed layers [35]. It has been shown, 
in fact, that implanting in pre-amorphised layers enables better electrical activation of 
the dopant to be obtained (lower resistance and higher carrier concentration) after 
thermal annealing, especially when this is performed at low temperatures [35].
Due to all of the dopant being incorporated within a fully amorphised region 
above the position where End of Range (EOR) defects would occur, allows more 
dopant atoms to occupy substitational sites. Using a low anneal temperature, dopant 
diffusion is minimized reducing the probability of clustering taking place.
This effect has been explained [35], in terms of a better quality of the re-grown 
crystal, of a larger incorporation of the dopant atoms in substitutional sites during the 
low temperature Solid Phase Epitaxy (SPE) and to a kinetic factor in the deactivation 
process of the dopant [35].
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2.4.1 Amorphous Laver
Implantation of heavy ions ultimately results in the formation of a continuous 
amorphous layer, rather than localized crystalline defects as described above. The 
formation of a continuous amoiphous layer is through the merging of the localized 
regions of defects. Amorphization generally begins at a depth of maximum nuclear 
collision and migrates toward the surface as the ion dose accumulates. This effect has 
been observed using the Rutherford backscattering spectroscopy (RBS) technique [2].
The threshold dose required for the conversion of the substrate from a 
crystalline to an amorphous state can be defined as the point at which the number of 
displaced silicon atoms approaches the intrinsic value for the atoms per unit volume 
(5xl022 cm'3). Buried amorphous layers typically exhibit very different annealing 
characteristics from amoiphous layers that extend to the surface [2]. However, the 
temperature of the substrate during the implant process determines the extent of 
amorphization. At elevated implant temperatures, the formation of amoiphous layers 
requires an increased ion dose. This is due to the fact that as the temperature 
increases, the probability of the recombination of the vacancy-interstitial pairs 
increases.
2.4.2 Pre-amorphization
Pre-amorphization helps to overcome the difficulties of forming shallower 
junctions. If the ion beam is perpendicular to the surface of the substrate, the ions will 
be channeled inside the crystal. One fraction of the incident dose will rest near the 
surface after a random impact on the lattice, whilst another fraction will be implanted 
deeper due to the path followed inside the channel. But if the surface of the substrate 
is pre-bombarded with another heavier species, at high energy and at high enough 
dose, it will result in the destruction of the periodicity of the crystalline lattice. In this 
way channeling is reduced to a very large degree. Although pre-amorphization seems 
to be the light answer to forming shallower junctions, the problems of Transient 
Enhanced Diffusion (TED) still remains to be solved. Many papers have been 
published on pre-amorphization of the bombarding surface using Si ion implantation 
before the dopant implant [35-38].
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2.5 Annealins
As an ion travels through the target, it undergoes a series of nuclear collisions. 
Every time the ion is scattered, a fraction of its energy is transferred to a target atom, 
which is displaced from its original position [1]. The binding energy of a lattice site is 
only 10 to 20 eV, so it is easy to transfer enough energy to free an atom from its 
position and make it travel through the target as a second projectile. So both the ion 
and displaced target atom travel and cause further displacements. Eventually the 
energy becomes too small and the cascade stops. However after many ions have been 
implanted, an initially crystalline target will be so disrupted that it will have changed 
to a highly disordered state. Annealing is then required to repair the damage and put 
dopant atoms on substitutional sites where they will be electrically active. The success 
is often measured in terms of the fraction of dopant that is electrically active however 
the challenge is not simply to repair the damage and activate the dopant, but to do so 
while minimizing the diffusion so that shallow implants remain shallow [1].
The time and temperature of the heat treatment of implanted samples, known as 
the annealing cycle, has a significant influence on the siting of implanted impurities 
within the host substrate lattice. It is the installation of impurities within the host 
lattice, which determines the resistivity and consequently the conduction properties of 
the material. The concentration of activated impurity atoms is a function of the 
implanted dose, as well as the annealing cycle. An implanted arsenic dose of lx lO 16 
ion/cm2 is reported to provide a maximum activated arsenic concentration of 3x l021 
cm'3, after being annealed at 800°C for 30s [39]. It is also mentioned that the 
antimony concentration in silicon can give rise to electrically active concentration 
which is also well above the maximum equilibrium solubility limit for antimony in 
silicon [40]. In the same work, it was found that 94% activation was obtained for a 
dose of about 5 x l0 15 ion/cm2. The maximum active concentration (~8xl020 cm'3) is 
achieved for doses in the range 3-7xl015 Sb+ ion/cm2. Doses > 7 x l0 15 ion/cm2 give 
lower active concentrations following low-temperature annealing at 580°C for 30min 
[40].
The goal of the post implant annealing is to restore the silicon lattice to the pre­
implant state and to electrically activate the implanted dopant atoms. Since most 
implanted dopants do not occupy substitational sites upon implantation, a thermal step 
is required to provide the energy required to move the atoms to the correct lattice site.
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Electrical activation of the dopants in an amorphous layer proceeds differently from 
the activation of dopants within primary crystalline damage. Electrical activation in 
amoiphous layers occurs as the impurities are incorporated into lattice sites during 
recrystallization. Electrical activation in areas of primary crystalline damage proceeds 
with more complexity [41]. The movement of doping atoms according to a dopant 
gradient in a semiconductor material is called diffusion [41]. It occurs during any high 
temperature-processing step, either as an intentional or as a parasitic effect. Due to the 
requirement of very shallow junctions in modem semiconductor technology, diffusion 
is mainly a parasitic effect of the annealing step after ion implantation or of an 
oxidation step, which is performed at high temperatures [42], Nevertheless there are 
still applications in the well formation in complimentary metal oxide semiconductor 
technologies or the in-diffusion of dopants from a chemical vapor source. There are 
strong variations in the diffusivity of different dopant species. Besides, diffusion can 
be enhanced by oxidation or retarded by nitridation, because these processes generate 
point defects at the surface. These surface generated point defects as well as 
implantation induced point defects can have a strong influence on the diffusivity 
because they facilitate complex diffusion mechanisms like transient enhanced 
diffusion [5]. At high concentration levels, the dopants can form non-mobile clusters 
or precipitates which decrease the average diffusivity. The exact control of all 
diffusion mechanisms is a very critical issue during the manufacturing of a 
semiconductor device, because redistribution of the dopants significantly influences 
the electrical characteristics. When clustering and precipitation of dopant 
concentrations above the solid solubility limit (SSL) are introduced into the crystal 
lattice, a portion of the diffused atoms appeal's to be electrically inactive at room 
temperature[5]. As dopant concentrations above the SSL are common in todays 
technologies, we have to take into account the clustering phenomenon for the 
simulation of the dopant diffusion [43].
Conventional rapid thermal annealing (RTA) has been used throughout this 
work. It is useful to note that in conventional RTA antimony diffuses exclusively 
through a vacancy assisted mechanism. The limited stability of vacancies above 
600°C [44] implies that antimony will not exhibit the transient enhanced diffusion 
seen with species that diffuse wholly or partly through a silicon self-interstitial 
mechanism.
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2.6 Trends in ultra-shallow junctions devices for antimony 
implantation into silicon
Tables 2.2 and 2.3 show a comparison of junction depth and percentage 
activation of antimony in silicon obtained by some authors. The sheet resistivity and 
sheet earner concentration are also shown for different annealing cycles.
Table 2.2: Review o f electrical activation and shallow junction formation for antimony in silicon.
Reference
No
Energy
(keV)
Dose
(ion/cm2)
Anneal 
Temperature and 
time 
(°C/mins or s)
Sheet
resistance
(£2/n)
Sheet carrier 
concentration
(cm 2)
Junction
Depth
(nm)
Electrical
activation
(%)
15 10 lx lO 14 750/15mins — lx lO 14 25 (SIMS) 100
40 80
*o*“(Xin 580/30mins ... 4.7X1015 ... 94
f t f t f t 700/30mins — 3 .4 x l0 15 ... 68
f t f t t t 850/15mins — 1.65X1015 — 33
// f t tr 1000/3mins — l . lx lO 15 — 22
22 80 2 x l0 15 900/15s — — — 60
f t ft lx lO 16 1050/15s ... ... ... 36
45 35 2 x l0 14 550+900/ 30mins 510 1.2X1014 70 (SIMS) 60
f t ft 4 x l0 14 950/16mins 220 3 x l0 14 80 (SIMS) 75
f t ft lx lO 15 580/30mins 230 7 x l0 14 55 (SIMS) 70
46 12 lx lO 15 700-15mins 225 4.5X1014 12.5(SIMS) 45
16 16 5 x l0 14 1000/lOs — 5 x l0 14 12.5(SIMS) 100
ft ft n 930/30mins — 5 x l0 14 12.5(SIMS) 100
16 32 tt 1000/10s 200 — — —
ft f t // 1000/20s 215 — — —
ft f t // 1000/30s 225 — — — '
16 16 lx lO 15 1050/30S 325 — — —
16 32 5 x l0 14 1000/30S 225 — — —
47 10 lx lO 14 850/30mins 1200 — 20 (SIMS) —
38 40 5 x l0 14 1000/10mins — lx lO 14 50(SIMS) 20
ft ft ft 1000/30mins 1.4X1014 70 (SIMS) 28
48 13 4 x l0 14 980 /ls 300 20 (SIMS)
49 10 lx lO 15 850/10s 1200 19 (SIMS)
ft ft ft 850/10s 1000 25 (SIMS)
17 10 6 x l0 14 800/10s 260 2.4X1014 — 40
ft S n ft 900/10s 320 2 x l0 14 ... 33
15
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Table 2.3: Review o f electrical activation and shallow junction formation for antimony in silicon.
Reference
No
Energy
(keV)
Dose
(ion/cm2)
Annealing 
temperature 
and time
(°C/mins or s)
Sheet
resistance
(£!/□)
Sheet carrier 
concentration  
/cm 2
Junction
Depth
(nm)
Electrical
activation
(%)
18 5 2.06X1015 700/30s 420 9.73X1014 . . . 47.2
// It 1.49X1015 800/30s 800 2 .3 5 x l0 14 . . . 15.8
It // 9.06X1014 900/30s 620 1.62X1014 . . . 17.9
II It 5.32X1014 1000/30s 580 1.49X1014 . . . 28
50 5 lx lO 15 600/10s 465 — 20 (SIMS) . . .
It // // 800/10s 474 — 20 (SIMS) . . .
II // 1/ 900/lOs 625 — 25 (SIMS) —
i // // // 1000/lOs 587 — 30 (SIMS) —  :
// // // 1100/10s 935 — 50 (SIMS) . . .
II // lx lO 14 1100/10s 2025 — 50 (SIMS) —
50 2 lx lO 15 700/10s 860 — 15 (SIMS) . . .  |
It // It 900/10s 1134 — 15 (SIMS) . . .
// // It 1050/10s 908 — 15 (SIMS) —
51 5 4 x l0 14 950/5mins 300 . . . 20 (SIMS) . . .
52 5 5 x l0 14 1100/2mins 834 . . . 100 (SIMS) . . .
The following paragraphs discuss a selection of the implanted results 
summarised in Tables 2.2 and 2.3.
In 1981 Shannon et al [15] has reported junction depths of -25 nm with no 
diffusion of impurities after implanting antimony into silicon at a dose and energy of 
lx lO 14 cm'2 and 10 keV respectively using an annealing cycle of 750°C for 15min. 
Almost 100% electrical activation was obtained.
Williams et al [16] used RBS to monitor silicon lattice damage, antimony atom 
location and depth distributions for antimony implants into silicon at a dose and 
energy of 5x 1015 cm"2 and 80 keV respectively. They showed that the junction depth 
increases from 52nm to 60nm and electrical activation decreases from 94% to 22% 
with an increase in annealing temperature from 580°C to 1000°C. They also observed 
a decrease in the antimony substitutional fraction from 100% to 94% with increase in 
dose from 3x 1014/cm2 to 5x 1015 /cm2. However, again in 1986 Nylandsted-Larsen et 
al [22] used RBS to monitor silicon lattice damage, antimony atom location and depth 
distribution for antimony implant into silicon using an energy of 80 keV at different 
doses ranging from 2 x l0 15/cm2 to l x l 0 16/cm2. For a dose of 2 x l0 15 cm'2, by 
increasing the temperature to 900°C, the maximum electrically active concentration
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decreases to 1.8 x 1020 /cm3 and the fraction of the active antimony to 60%. A further 
increase in temperature to 1050°C results in a further reduction of the maximum 
electrically active concentration to 7 x l0 19 /cm3 and the electrical active fraction to 
36%. Similar trends are obtained for implanted doses of 5 x l0 15 and lx lO 16 cm'2. 
However, diffusion of antimony takes place at this temperature towards the surface 
and into bulk from the flanks of the original distribution, leaving the central part of 
the chemical profile unaffected. The maximum electrical active concentration, which 
can be incorporated on undisturbed substitutional sites, is found to be 4 .5 x l0 20 
/cm3 for 700°C annealing, and a decrease in electrical activation from 97% to 36% 
with increase in annealing temperature from 700°C to 1050°C at a dose of 2x 1015 
/cm2.
Sai-Halasz et al [45] has implanted antimony into silicon using an energy of 35 
keV at different doses ranging from 2 x l0 14 /cm2 to lx lO I5/cm2. Higher electrical 
activation is obtained for higher doses. For a dose of lx lO 15 /cm2, an electrical 
activation of ~70% and a junction depth of ~55nm are obtained. However, Young et 
al [46] have reported a junction depth of ~12.5nm after implanting antimony into 
silicon with a sheet resistance of 225 Q/a using a dose and energy of 1 x 1015 cm'2 and 
12 keV respectively and an annealing cycle of 700°C for 15min with close to 60% 
electrical activation.
Ridgway et al [16] obtained 100% electrical activation with a shallower junction 
depth of -12.5 nm after implanting antimony into silicon at a dose and energy of 
5 x l0 14 cm'2 and 16 keV respectively using an annealing cycle of 1000°C for 10s in 
the presence of the oxide layer. The latter prevents the loss of antimony from the 
substrate so that higher electrical activation is obtained. They have reported a higher 
sheet-resistance value after implanting antimony at a dose of lx  1015/cm2 as compared 
to arsenic implant using the same dose due to a significant inactivation of antimony 
and/or a severe degradation in the earner mobility.
Shibahara et al [47] reported a junction depth of about -20 nm with a sheet 
resistance of 1200 Q./a using an energy of 10 keV for dose of Sb from l x l 0 14/cm2 
after annealing at 850°C for 30mins.
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Uesugi et al [38] has implanted antimony to a dose and energy of 5 x l0 14 cm'2 
and 40 keV respectively. They have shown that a small increase in electrical 
activation from 20% to 28% is obtained for an increase in annealing time from lOmin 
to 30min. However thejunction depth is increased from 50nm to 70nm. Also, Rucker 
et al [48] reported a junction depth of about -60 nm with a sheet resistance of 300 
fi/n using an energy of 13 keV for dose of Sb from 4x 1014 /cm2 after annealing at 
980°C for Is.
Shibahara et al [49] reported a junction depth of about -19 nm with a sheet 
resistance of 1400 Q/a using an energy of 10 keV for doses ranging from 1x1014 
/cm2 to lx lO 15 /cm2 after annealing at 850°C for 10s. Formation of shallower 
junctions is not difficult by reducing the ion energy because of the low diffusive 
nature of antimony. However, improvement in sheet resistance (Rs) is more important 
than the shallower junction for the further scaling of devices. They suggest that the 
RTA is effective for the reduction of pileup and the reduction in sheet resistances. The 
amount of pileup and dopant loss increases with antimony dose, therefore, effective 
reduction in the sheet resistance by increasing the ion dose is difficult without pileup 
reduction. The dopant loss is increased by 40% for an ion dose of lx lO 14 /cm2. 
Shibahara [17] also measured a junction depth of about -30  nm with a sheet 
resistance of 260 fi/o using a dose and energy of 6x 1014/cm2 and 10 keV respectively 
after annealing at 800°C for 10s. An electrical activation of 40% was obtained. 
Annealing at higher temperatures (900°C) leads to a lower electrical activation (33%).
Murto et al [18] used a combination of laser thermal annealing (LTA) and Rapid 
thermal annealing (RTA) to get shallower junctions and higher activation. Better 
activation (78%) is obtained by using LTA only as compared to a combination of both 
LTA and RTA. A junction depth of only 25nm is reported for antimony implants into 
silicon at a dose and energy of 2 .0 6 x l0 15/cm2 and 5 keV after LTA only. But they 
have shown that a combination of both annealing techniques results in deactivation 
and dopant loss. Only 17.9% electrical activation has been obtained after 0.46J/cm2 
LTA and 900°C/30s RTA.
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Collart et al [50] implanted antimony into silicon using an energy of 5 keV at 
different doses ranging from lx lO 14 /cm2 to l x l 0 15/cm2. They reported a junction 
depth of ~20nm with a sheet resistance -500 Q/n. They also reported a junction depth 
of -lOnrn with a sheet resistance -1000 OJa using an energy of 2 keV for an ion dose 
of lx lO 15 /cm2.
Kruger et al [51] reported a junction depth of about ~ 20 nm with a sheet 
resistance of 300 Q/n using an energy of 5 keV for dose of 4 x l0 14 /cm2 after 
annealing at 950°C for 5min. Also, Suzuki et al. [35] reported a junction dep'th of 
~100nm after implanting 5keV antimony at a dose of 5x 1014 cm'2 into silicon with a 
sheet resistance of 834 Q/n after annealing at 1100°C for 2mins. An electrical 
activation close to 14% was obtained. They also reported a constant sheet resistance 
-400 £l/a for longer annealing times from 10s to 5mins. They have shown that the 
antimony concentration determined by SIMS measurements is above the solid 
solubility.
2.7 Summary
This chapter introduces the basic phenomena associated with the application of 
ion implantation to produce ultra-shallow junctions in silicon using antimony ions. It 
presents in detail a survey of published data on antimony in order to establish the 
background to the present work. Whilst interesting data has already been published, 
no one has studied in detail the electrical profiles of such implants and there is little 
data available for very low energy implants with range 2-5 keV, which is the main 
feature of this work.
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Chapter Three
3. Experimental Theory
3.1 Introduction
In this chapter we describe the methods of sample processing and experimental 
techniques used for characterisation. The sample preparation involves multiple process 
steps from the initial dopant introduction to the final measurement. In the following 
sections, experimental details of the individual process steps are described followed by a 
description of the various characterisation equipment used (DHM, RBS, SIMS).
t1
3.2 Ion imvlantation theory
Ion implantation has become a routine method for the introduction of impurities 
into semiconductors [2]. The technique involves the production of positively charged ions 
which are accelerated through a controlled potential and then allowed to impinge on the 
sample. Unlike diffusion methods, ion implantation allows independent control over the 
depth and concentration of the dopant. The general aspects of the method have been 
discussed in chapter 2.
The main side effect due to the technique is the production of a damaged layer 
because of the disruption of the lattice introduced by the collisions involved. The removal 
of the defects is achieved using annealing techniques. Due to the easy implementation of 
the technique in the microelectronic devices industry over the last few decades, ion 
implantation has been extensively adopted in production. In the area of integrated circuit 
fabrication it has became the dominant technology, for example in the production of 
CMOS devices.
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3.2.1 Ion stopping and range
When an energetic ion enters a solid, it loses energy through interaction with the
electrons and nuclei of the target atoms. There are two basic stopping mechanisms by 
which energetic ions can be brought to rest [52]. They are nuclear and electronic 
collisions. In the first one kinetic energy is transferred to the struck atom, with a 
considerable deflection of the trajectory of the bombarding ion. At high velocities, or 
more precisely high incident energy, the nuclear effect is negligible and the electronic 
losses dominate the slowing down process. In the second one the energy will be 
transferred to the electrons of the target atoms, and the ion will suffer no or negligible 
deflection. The sum of the two mechanisms gives the total stopping power (S).
The usual expression for it is the following:
wheredE/dx  is the energy loss per unit path length of the ion and n and e refer to 
nuclear and electronic stopping respectively. By the evaluation of the stopping power and 
its integration it is possible to find how far an ion will travel inside the target before 
losing all its energy and coming to a rest at some depth. The relative importance of the 
two mechanisms of stopping is well described (in figure 3.1). In the usual cases of 
implantation for device fabrication the typical energies used range between 10 and 200 
keV. This energy window falls at the left of the figure where mainly the nuclear stopping 
mechanism takes place.
Figure 3.1: Relative amount o f  nuclear and electronic stopping power as a function o f the ion velocity [52].
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Both the stopping mechanisms (electronic and nuclear) contribute to the energy loss 
of the incident ion inside the target. The ion, once implanted, follows a random path as it 
moves through the target. The total path length in silicon is composed of a mixture of 
horizontal and vertical motion and is called Range ( R ). The projection of the range in the 
vertical direction (normal to the surface implanted) is called the Projected Range ( Rp)
and represents the implanted depth (figure 3.2).
Considering the large concentration of ions introduced during the implantation 
process (usually larger than 1012 ions/cm2) it is possible to consider that Rp represents 
the average depth of the implanted ions and the projected path leng thy  at right angle to 
this direction. The distribution about that depth can be approximated as a Gaussian 
centred at Rp and with a standard deviation a p (figure 3.3).
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Figure 3.2: Schematic view o f difference range 
between a low and high energy range [1].
Log ion concentration
Figure 3.3: Approximation o f gaussian atomic 
distribution o f the implanted species [1].
With this assumption the ion concentration n(x) as a function of the depth will have 
the following expression:
n(x) = n0 exp - ( x - R „ ) 2 
2al
(3.2)
2 2
Obviously this model is an approximation; the real distributions differ from it. To 
take into account those differences justifying the discrepancies between this model and 
the real profiles, other parameters such as skewness and kurtosis or other distribution 
functions, such as Pearson, can be considered. In the range theory presented we have 
been, implicitly, talking about a target randomly structured, with an ion undergoing 
random collisions in its path inside it. When the implantation target is a solid with 
crystalline structure the impinging ion can move through particular directions, such as 
atom rows or planes, so that it travels long distances without undergoing nuclear 
collisions. Ions are steered down these channels by glancing collisions with the atom 
rows or planes. Hence they can travel through the solid longer distances, resting, 
eventually, at a deeper position. This phenomenon is known as channelling and it is 
responsible for an asymmetrical final implant distribution inside the target, resulting in a 
tail on the deeper side of the distribution.
3.2.2 Implant Damage
While ion implantation allows an accurate dose of impurity atoms to be placed a
controlled distance from the surface of the substrate, it has the disadvantage of\
introducing damage to the material. When the high-energy ions collide with the substrate, 
they displace the substrate atoms from their positions in the crystal lattice. In addition, 
only a small number of the implanted impurities end up in electrically active lattice sites.
As seen, an ion, in its path along the atomic array of the solid target bombarded, 
loses its energy in different ways (nuclear or electronic collisions) reaching, finally, a 
resting position.
In the case of electronic scattering the energy lost by the ion is transferred to the 
target producing ionization or electronic excitation with consequently photon and thermal 
emission. In the nuclear scattering regime the effect is different. Since the binding energy 
of a lattice site is only 10 to 20 eV, it is quite easy to produce displacement of the target 
atoms. However, both ion and displaced atom have enough energy to produce further 
displacement travelling through the target. The energy is spread over many moving 
particles resulting in the so-called collision cascade. The overall result is the production 
of missing atoms (vacancies) in the lattice positions and atoms resting in non-normal 
positions in the lattice (interstitials). The atoms implanted can accommodate themselves 
in the lattice position producing a substitutional impurity.
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Implanting heavy ions into a light target results in a denser cascade with a resulting 
defect structure very different from the other extreme (light ions in heavy target). In the 
first case when a heavy ion (like antimony) impinges on a surface (like silicon) the 
deflected ion continues into the lattice accompanied by a primary recoil atom. Both of 
them could possess enough energy to produce other displacements in the following 
collisions. The ion energy shared between a numbers of atoms recoiled and the ion 
impinging will produce a collision cascade having a cylindrical form with its axis on the 
path of the ion. As the energy of primary ions decreases, the fraction of energy 
transferred to lattice atoms increases. Thus the recoil density will increase as the ion 
penetrates deeper into the solid, until the ion energy will not be able to promote the 
displacement of lattice atoms. The disordered region produced by all the ions implanted 
will result in the production of a background zone of simple defect structures and a 
distribution of larger, disordered regions.
The ion energy has an important effect on the amount of damage induced. In fact 
only nuclear scattering damages the target and is a function of the ion energy. However, 
for a given energy the heavier the ion implanted the larger will be the nuclear stopping 
power and, consequently, the more damage that is produced.
The defects in a solid are not produced just by ion implantation, the perfect crystal 
being just an approximation. All solids contain defects in their lattice. Defects can be 
classified as:
• Point defects (vacancy, interstitial, impurities).
• Extended defects (dislocations, amorphous phase, stacking faults).
Normally during the migration process defects can coalesce to form clusters of two 
or more, resulting in a reduced strain of the surrounding lattice. This explains the relative 
stability of this particular structure. If interstitials and vacancies collide they will 
annihilate themselves restoring the lattice structure. The strain associated with these 
clusters can lead them to precipitate into more energetic configurations. A common 
configuration is when they collapse into a plane, which represents a discontinuity in 
lattice perfection over an extended area. These extended defects are known as 
dislocations, which are a function of the symmetry of the structure produced and can be 
classified as edge or screw dislocations.
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Interesting considerations can be pointed out regarding the distribution of the 
damage. It has been shown using Monte Carlo calculation [53] that because of the 
forward peaking nature of the momentum of an incoming ion a vacancy-rich zone is 
formed in the region extending from the surface down to (~ 0.8i?p) . Between Rp and
2Rp an interstitial-rich zone is created.
Mostly the production of defects is due, to the displacement of target atoms from 
their crystalline places disregarding the effect of electronic scattering. When the number 
of displaced atoms in a unit volume reaches the atomic concentration, i.e. all atoms have 
been moved; the process of amorphization takes place [54]. An evaluation of the amount 
of displacement induced by the implant can be obtained by dividing the total energy 
deposited into nuclear scattering, I?,,, and the energy required to displace an atom Ed. A 
moving ion will be able to increase the number of moving particles only if its energy is 
larger than2Ed.
The number of displaced atoms can be estimated by [54]:
(3.4)
It is possible to define, for a given ion energy, a critical dose as the minimum 
required to induce target amorphization. Obviously heavier ions, displacing a greater 
volume of target atoms per ion, will require a lower dose than lighter species. It is 
commonly accepted that for medium to heavy (Germanium-Gold) implants in silicon this 
dose ranges around 1014 ions/cm2 [55, 56]. The instantaneous damaging event leads to 
amorphization of the layer and the competing self-annealing behaviour. For the purpose 
of doping and activation, usually the production of an amorphous layer results in a better 
re-growth of the silicon crystal during annealing. >
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3.2.3 Channelling
The channelling is characterized by a critical angle , which is the maximum
angle between ion and channel for a glancing collision to occur. Neglecting target 
thermal vibrations for an ion impinging with energy in the range of keV the angle is 
given by the following expression [57].
Where Z ,, and Z2are the atomic number of ion and target atoms, E is the ion 
energy (keV) and d is the atomic spacing along the ion direction (A). From the equation 
follows that channelling is much more likely for heavier species and lower energies. To 
avoid channelling, a common practice is to perform the implant at a tilt angle of 7° from 
the surface normal. The choice of an appropriate rotation angle has a great importance to 
prevent planar channelling. Once channelled the ion looses energy mainly through 
electronic scattering. Since the electronic density of the material at the centre of a channel 
is much lower than in a random direction, the electronic stopping power for a well 
channelled ion will be much smaller than expected, leading to a distribution much deeper 
than expected. Ions can be de-channelled by the effect of thermal vibrations of the target, 
or the presence of crystal defects and foreign atoms. Generally channelling is often 
limited by damage of the crystal due to unchannelled ions. Hence another way to prevent 
channelling is the use of a preceding silicon implant to create an amorphous layer on the 
target surface; this is called pre-amorphisation. To model the channelling effect is not 
straightforward. It is usual to add an exponential tail to an amorphous profile achieved 
experimentally.
3.3 Hall effect measurements
To consider the behaviour of the dopants implanted in silicon it is very important to 
achieve the full electrical characterisation of the material, that is, to measure the 
resistivity of the layer, the earner concentration (to relate it to the implanted and retained 
dose) and the carrier mobility. The Van der Pauw Method (VdP) has been the chosen 
technique to obtain the sheet measurements.
(3.5)
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3.3.1 Sheet resistance measurements:
This method measures the sheet resistance (Rs) of the sample. One of the
advantages of the Van der Pauw technique is that arbitrary shaped samples can be used 
and the contact of the probes should be present at the perimeter of the sample. We are 
using the cloverleaf pattern (see figure 3.4). In the last two cases, since the thickness is 
not always known, it is common practice to refer to the sheet value of the resistance.
For example, pass a current from contacts A to B, then measure the voltage across 
contacts D and C, pass a current from contacts B to C, then measure the voltage across 
contacts D and A and so on until the machine measures all possible combinations. The 
measurement of these combinations is done twice with the second measurement done 
using a reversed current. By knowing the current and voltage, the machine will 
automatically calculate the sheet resistances from each pair of data [59]. From these four 
values of sheet resistance, the machine calculates the average and this will be the final 
sheet resistance value of the sample. Sheet resistance, Rs is given by equation (3.6):
R, =
it
ln2
V
R„ +Ri,
f(R»/R„)
Where Ra = —^  and Rb = . In this case, the correction factor is f
^AB ^BC
(3.6)
equal
to unity for a symmetrical structure and homogeneously implanted materials, Ra=Rb.
The samples can be either homogeneous material or might be produced using 
dopant diffusion or implantation. Since the thickness is not always known, it is common 
practice to refer to the sheet value of the resistance.
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Regarding the instrumentation, usually conical tungsten carbide probes, with radius 
(<50 pm) are used. There are commercially available kits that allow the measurement of 
the pressure used from the tips on the surface to monitor the penetration depth inside the 
material. A constant current source is needed capable of supplying a current ranging from 
(pA to mA). A precision voltmeter, covering the range from (10'5 V to 10'1 V) with a 
resolution of 0.05%, is required to perform the measurement.
3.3.2 Hall measurements
When an electron moves along a direction perpendicular to an applied magnetic
field, it experiences a force (Lorentz force) acting normal to both directions and moves in 
response to this force and the force effected by the internal electric field [60]. For an n- 
type, bar-shaped semiconductor shown in figure 3.5, the carriers are predominately 
electrons of bulk density (n).
Lorentz Force 
F=-qv x B
B
V
Coordinate
System
z
B V = 0
tTv=v„
Figure 3.5: Schematic of the Hall effect in a long, thin bar o f semiconductor. The direction of  
the magnetic field B is along the z-axis and the sample has a finite thickness d.
Once the measurements of the resistivity have been performed, it is possible to 
evaluate the carrier concentration and the mobility by using a current flow across two 
diametrically opposite leaves of the Van der Pauw pattern samples and measuring the 
voltage between the other two leaves in the absence and presence of an external magnetic
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field. When a voltage is applied to a semiconductor wire, a current with density J  will 
arise. If a magnetic field j5 is also applied, a force will be produced:
F = J x B  (3.7)
This force acts on the charge carriers. Since the force depends on the current and 
not on the type of carriers, either holes or an electrons will be deflected toward in the 
direction, normal to the current direction.
This effect, known as the Hall Effect, will result, in turn, in the creation of a double 
electric layer inside the semiconductor. The double layer will produce a voltage across 
the semiconductor. This is called the Hall voltage (VH). By measuring the Hall voltage it 
is possible to recognise the nature of the carrier, (the voltage will have opposite sign 
depending on the nature of the carrier). Furthermore, the voltage will grow, in accordance 
with the net deflections of the carriers, until it balances the force induced by the magnetic 
field applied. Thus, at equilibrium the resulting force acting on the earners will be zero: 
writing the related equation, for the case of an n-type semiconductor, for example, it is 
possible to obtain the following expression:
JB + nqVH = 0 (3.8)
Therefore, isolating the Hall voltage:
VH= -  — JB (3.9)
nq
The voltage produced is proportional to the current and the magnetic field applied, with a 
proportionality constant called the Hall coefficient, Ru. Re-writing equation 3.9 we have
r h = —  (3-10)" JB
This equation leads, directly toward a new expression for the Hall coefficient as a 
function of the carrier concentration: Therefore for electrons:
Rh = ~ —  (3.11)
nq
While for holes, where the electrical force F  (electric) is in the opposite direction,
R „ = + —  (3.12)
pq
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In the equations above the drift velocity of the carriers, responsible for the magnetic 
force, has been assumed to be a constant. In real cases this is not true, but it is a statistical 
average. Also non-linear effects, due to the value of the magnetic field, can be present. 
Consequently, a correction factor rH (called the Hall factor) usually ranging between 1 
and 1.5, should be added to the magnetic force equation resulting in the following 
expression for the Hall coefficient:
Rh = - S l  or Rh = + ^~  (3.13)
nq pq
In general, it is usual to assume this factor to be about 1. Combining the equations 
3.10, 3.11 and 3.12, it is possible to observe that just measuring the Hall voltage it is 
possible to obtain the Hall coefficient and have a direct measurement of the carrier 
concentration. This measurement provides an evaluation of the fraction of the dopant 
ionised. It is important to mention that the measurement can be performed at any 
temperature. Thus, it is possible to monitor the ionised dopant fraction as a function of 
the measurement temperature. From the definition of the conductivity for an extrinsic 
semiconductor we have [61]:
jue = —  or Mh =—  (3.14)
qn qp
From these expressions, by comparison with the equations 3.13 it is possible to 
relate the mobility values with the Hall coefficient and the conductivity. Hence it is 
possible, to write the following expression:
M.j,=°\Ra L , (3-15)
An evaluation of the mobility will be possible only if the resistivity ps of the material is 
known, leading to the equation:
(3.16)
Ps
Mobility obtained by measurements of Hall Effect is called Hall Mobility. The 
name differentiates it from the mobility obtained by measurements of conductivity, which 
is called Conductivity Mobility. The ratio of the two mobilities is equal to the Hall factor 
mentioned earlier (equation 3.13), and it might differ slightly from the assumption of 
being 1.
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3.3.3 Differential Hall effect (DHE)
As explained in the previous two sections, through measurement of resistivity and 
Hall effect it is possible to characterise the electrical properties of the sample. A depth 
profile through an implanted layer is achieved by repeatedly removing thin layers of 
material and measuring the sheet resistance ps and sheet Hall coefficient RHS of the 
remaining material. It is more convenient to analyse this process by approximating the 
layer with a structure of M  thin homogeneous layers of thickness Sx, local carrier 
densityAfand mobility//. At every step in the process it is possible to assume that the 
conductivity of the sample is the sum of the conductivity of individual layers. Thus, for 
the bulk conductivity (figure 3.6) of the shaded layer of thickness Sx it is possible to write:
Where Sars represents the difference in sheet conductivity before and after removing the 
layer (see figure 3.6 for a schematic view of the measurement process).
Using the relationship between conductivity, mobility and carrier concentration 
(equation (3.15)) it is possible to obtain an expression for the carrier concentration as a 
function of the difference in sheet conductivity of the layer [62]:
It is, also, possible to profile the mobility by measuring both the sheet Hall coefficient 
and sheet conductivity before and after the layer removal. In fact, using equation (3.15) it 
is possible to obtain the following expression:
N  = j t _ =  (& x,)»
qpH qSx.8(RHs.a])
(3.18)
(3.19)
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Figure 3.6: Schematic representation o f depth profiling.
The values of mobility and carrier concentration represent an average in the centre 
of the layer removed. To improve the resolution, the step should be kept as small as 
possible. However, this could lead to large errors (>20%) in the values measured; thus, a 
compromise has to be found between resolution and accuracy of the measurement.
3.3.4 Source of errors related to the measurement of Hall effect
When Hall effect measurements are made a number of errors must be considered
such as the Hall scattering factor, uncertainties in the current measurement, magnetic 
field measurement and voltage measurement [63].
Magnetic field
In general, the reproducibility of the magnetic field is good with maximam error of 
about 1%. Thus the error introduced by the magnetic field measurement is very small.
Electrical measurement
The current is supplied by a constant current source, which enables the desired 
current to be digitally selected. The main source of errors arises from surface leakage and 
junction leakage current. Normally, surface conduction will result in the presence of 
excessive leakage currents. For better accuracy, the current is reversed and measurements 
are repeated and averaged. The leakage current must be small compared to the 
measurement, current in order to minimise errors.
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Hall scattering factor
The uncertainty in the value of the Hall scattering factor can give rise to significant 
errors in the determination of the carrier concentration. In all measurements, the Hall 
scattering factor has been assumed to be unity. The actual value of the Hall scattering 
factor depends on the impurity concentration and the dominant scattering mechanisms 
present in the sample [64]. According to Stillman et al [65], the error in the assumption 
that the scattering factor is unity is less than 15% at room temperature and about 5% at 
77K. However, the assumption that the scattering factor is unity should not lead to large 
error when the profiles of similar concentration are compared like the samples used in 
this study.
We assume r = 1, this allows us to compare results for all our samples because there 
is no evidence that r varies from sample to sample. For example 40 keV implants the 
substitutional fraction of Sb atoms on lattice sites is equal to the electrical activity 
suggests that the Hall scattering factor equals unity.
Surface depletion effect
The Hall measurement technique assumes that the current is uniformly distributed 
throughout the layer. However, a depletion layer exists at the air-semiconductor interface. 
The depletion will vary during the course of profiling due to the variation in carrier 
concentrations. The effect is largest for low carrier concentrations. When profiling is 
attempted the estimated etch step will not be an accurate measurement of the depth 
change between the sheet values unless the depletion depth is accounted for. We have not 
attempted to allow for this possible error in the profiling carried out in this study.
Depth profiling measurement
There are two major errors possible introduced due to the uncertainty in the 
thickness of the removed layer and the degradation of the junction characteristics. The 
last effect occurs because of the increasing resistance of the remaining implanted region 
as layers are removed. For ion-implanted material in which significant residual damage 
may exist, the etch rate may vary with depth and affect the accuracy of the profile 
determined. Non-uniform etching will have the effect of distorting the profiles but this is 
not normally a problem, (see section 5.2).
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3.4 Annealing
Another important process that has to be taken into account after ion implantation is 
annealing. The process of ion bombardment produces damage in the implanted layer. The 
presence of defects results in deep-level carrier traps resulting in increased resistivity. It 
is clear that a treatment is required to bring the system back to an equilibrium state, with 
few residual defects. This treatment of annealing places the dopant atoms in 
substitutional sites and removes the lattice damage, which will result in the electrical 
activation of the doped layer.
Annealing techniques are characterised on the basis of the amount of energy 
supplied to the material. This energy is usually called the thermal budget since it can be 
measured in terms of product of the temperature reached by the specimen during the 
treatment and of the time that the specimen spends at the given temperature.
3.4.1 Basic concept of annealing
As mentioned above, the main goal of the annealing techniques is to re-grow the
damaged layer after implantation and to place the dopant on to a lattice site. Reactions 
between the defects present inside the layer have to be promoted to achieve this. The 
kinetics of these reactions can be described in terms of Boltzmann-factors:
A -  Ai exp -AE, (3 .2 0 )
kT
where A is the earner density, Ai is the atomic density of the dopant within the 
layer, AEt is the energy difference between the two energy levels considered, k is the 
Boltmann’s constant and T  is the temperature in Kelvin. It follows, therefore, that for 
every process taking place during the annealing, including the thermal re-growth of the 
damaged layer, it is possible to obtain an exponential dependence involving the operating 
temperature. The choice of the annealing conditions to be used depends upon the nature, 
and the dose of the dopant used. It is, also, important to consider the level of damage 
introduced into the implanted layer. The conditions required, in fact, are extremely 
different if the layer has been damaged or amorphised.
If the layer is amorphous, its re-growth takes place through Solid Phase Epitaxy 
(SPE). The amorphous/crystalline (a/c) interface moves towards the surface with a speed 
that, as mentioned, depends exponentially on the temperature used. The velocity of the
34
re-growth is, obviously, a function of the crystal orientation of the wafer and of the 
impurity present, since it changes the atomic interaction of the layer and changes the 
activation energy of the process [5].
When the layer is not amorphized, in order to achieve re-growth and effective 
defect annealing, the generation and recombination of point defects is required. Since the 
activation energy of this process is quite high, the temperature needed is above 900°C for 
silicon [6 6]. It is, therefore, usually easier to repair a totally amorphized layer rather than 
partially damaged, with a lower temperature treatment in a furnace anneal.
Incomplete annealing can be monitored in terms of a partial electrical activation of 
the dopant. It is useful, hence, to refer to isochronal annealing plots where the activation 
of the implant for a given annealing time is reported as a function of the annealing 
temperature. An alternative method is isothermal treatment where at a given annealing 
temperature the electrical properties are monitored as a function of the annealing time.
During annealing, in parallel with the damage repair, a process of diffusion of the 
implanted impurity takes place. The speed of this process will depend on the temperature, 
but its overall magnitude will be a function of the length of the process. To minimise the 
amount of diffusion, and produce the full re-growth of the layer, rapid thermal annealing 
is employed.
Rapid Thermal Annealing involves the use of high temperature (up to 1100°C) for 
very short times (normally measured in seconds). The usual equipment to perform RTA 
employs halogen lamps. The heating of the specimen takes place through the absorption 
of the photons by the free carriers in silicon. The intensity of this process depends on the 
number of free carriers present, which are, in turn, a function of the temperature and of 
the doping, and of the emissivity of the layer. This can make the measurement of the 
actual temperature of the specimen very difficult. Usually thermocouples or optical 
pyrometers are used to measure the temperature during processing.
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3.4.2 Residual Damage
Even with the annealing process resulting in the re-growth of the layer, it is always
possible to have the presence of residual defects. These defects have huge practical 
importance affecting structural and electrical characteristics of the implanted 
semiconductor. A complete description, with a 5 group classification of these defects has 
been proposed by Jones et al [67]. The nature and position of the defects depend on the 
level of damage in the as-implanted material, on the nature and dose of the dopant 
implanted and, obviously, on the annealing time and temperature used.
3.5 Metallization
Metallisation technology becomes one of the most important technologies for VLSI 
fabrication. It mainly means the process method for interconnecting the circuit elements 
to each other on the silicon chip with a metal layer. This is achieved using a thin layer of 
metal deposited on the surface of the wafer. The metal can be separated from the silicon 
by a layer of oxide except when a direct contact metal/semiconductor is required.
There are several requirements, which have to be satisfied by the metallisation 
process and the metal to be used. The main requirements are listed below:
• It has to present a low resistivity.
• It has to adhere well to both silicon and silicon dioxide.
• The metal film has to be easy to form.
• The film should be able to produce ohmic contacts in both n and p type silicon.
• It has to be stable through the overall process involved in the device fabrication.
In the case of our work, the main reason to perform metallisation is to produce good 
ohmic contacts. Among the characteristics of a good ohmic contact are stability (both 
electrically and mechanically) and a negligible resistance (called contact resistance) 
compared to the device resistance. In our work, we use In/Ga eutectic for ohmic contact. 
The In/Ga eutectic metal is deposited directly on to the surface of the sample, and no heat 
treatment or contact sintering is required.
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3.6 Rutherford Backscattering Spectroscopy (RBS)
Lord Ernest Rutherford first introduced this technique in 1911. This is the most 
widely used technique in the semiconductor industry for surface analysis. This technique 
works on the simple principle of backscattering of ions from a solid surface. Beams of 
high energy ions are incident on the solid surface and these energetic ions elastically 
collide with the lattice atoms. Some ions are absorbed and some of them are 
backscattered into a suitable detector, which measures the number of backscattered 
particles and their energy [6 8 ], Typically He+ or He++ monoenergetic ions are used as the 
incident beam (l-3MeV) as this passes very close to the nucleus of an atom in the solid 
and they are backscattered through a large angle and leave the target [69].
The backscattering of the ions mainly depends on the mass of the target element. If 
the target atoms are heavy, then the backscattering energy will be high and close to the 
incident energy [70]. If the target atoms are light, then the energy backscattered is very 
low.
For uniform thin films, Rutherford Backscattering Spectroscopy provides a method 
of examining depth composition and layer thickness with 1 to 5% accuracy. A 1.56MeV 
4He+beam with two detectors at a scattering angle of 166° and at 147° was used in our 
experiments. The energy calibration was done with a Au/Ni/SiCVSi sample. The RBS 
was carried out at normal beam incidence angle [71].
The physics and the interpretation of RBS spectra have been treated in detail in 
numerous books [71, 72], The next section will briefly analyse the basic concept and 
spectra interpretation methods used in this technique.
3.6.1 Theoretical background
RBS is based on three main concepts. Each of these is related to physical
phenomena that determine the capability or limitation of the technique [71, 72].
• Kinematic Factor
Relates the energy of the projectile after collision to its energy before the collision, 
and leads to the property of mass analysis.
• Scattering Cross Section
Describes the probability that scattering will occur, it provides RBS with a 
quantitative capability of atomic composition.
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• Stopping Cross Section
Refers to the average energy loss, which the projectile suffers through the scattering 
medium, it results in the capability for depth analysis.
Kinematic Factor
The collision event is illustrated in figure 3.7. The energy £,, of the projectile of 
mass A/,, after collision with the target atom of mass M 2, is related to its energy E0 before 
the collision by the kinematic factor K,  defined by:
EX=KE0 (3-21)
Projectile
M^Eo.Vo
Figure 3.7: Schematic representation of an elastic collision between a projectile o f  
mass M| and energy Eo and a target atom with mass M| which is initially at rest. After 
the collision the projectile and the target have energies Ei and E2 respectively.
K  is derived from the conservation of energy and momentum parallel and perpendicular 
to the direction of incidence and is given by:
■a
K = (a / | - Mj2 sin2 ft)* + A/) cosQ 
A/ 2 + M  |
(3-22)
By measuring the energy £ ,o f particles scattered at an angle#, the unknown mass M 2 
can be found. If a target contains two elements that differ in mass by a small 
amount, AM2 , the difference in energy A£, , of the projectile after collision with the two 
different atoms, is given by:
AEj = E0(dK/dM 2) AM2 (3-23)
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In order to obtain good mass resolution .E0 anddK /dM 2 need to be as large as 
possible. This can be achieved by increasing the beam energy, using a heavier projectile 
atom, and detecting backscattered particles at a scattering angle close to 180°. Because 
every system has a finite energy resolution (« 15 keV) if A£j falls below the limit the 
distinction between two elements is lost.
Scattering Cross Section
The number of scattered particles, 7 , registered by the detector in a solid angle flis  
given by:
scattering into a solid angle Cl at a scattering angle 6  and is usually indicated with a . 
If 2  is the total number of particles striking the target:
If the number of particles striking the target and detector are counted then the 
number of atoms per unit area of the target Nt can be determined. The above expression 
of scattering cross-section reveals that RBS is much more sensitive to heavy elements 
than light ones. Also, the yield of backscattered particles rapidly increases with 
decreasing energy.
Stopping Cross Section
The majority of the particles impinging on a target will penetrate into it because the 
large angle Rutherford scattering collision is highly unlikely. As the particle passes 
through the target it loses energy. For the light particles and the energy used in RBS, the 
two main energy loss processes are:
Interaction with electrons in the target, (i.e. electronic stopping).
Interaction with nuclei of the target atoms, (i.e. nuclear stopping).
In RBS regime, the nuclear energy loss is not very important, since the ions are 
travelling very fast. We are interested in particles that travel very small distances in the
(3-24)
where Q is the number of particles striking the target, N is the volume density of target
atoms, t is the target thickness and is the average differential cross-section for
da  1 dQ(E) 1_
dCl~ Nt Q dCl{6)
(3-25)
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surface layers of the target; because of that, the rate of energy loss (commonly called 
stopping power) can be considered constant. The energy loss formula has the expression 
[73, 74].
- f . / B . M T / f i )  (3-26)
where N  is the atomic density and / is a function that depends only on the target.
Since absolute measurements of thin film thickness can only be made accurately 
in terms of weight and area, in RBS we rather use the stopping cross section e in thin film
dEthickness units. [eY/(at/cm2)] instead of . The stopping cross section e is defined as:
dx
( 3 - 2 7 )
where N  is the target atomic density. The values of s for all elements and several 
energies are tabulated in the literature [72]. These values vary for all elements and have a 
broad maximum at ~1 MeV (see figure 3.8). In RBS the energy of all scattered particles 
is measured, so from the rate of energy loss, it is possible to calculate the depth from 
which the detected particle is scattered.
Figure 3.8: He stopping cross section for C, Si and Ta target materials [72].
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3.6.2 RBS analysis and channeling 
Channelling
In all the previous sections RBS analysis has been described regardless of the 
crystalline nature of the sample. However, the information achievable using RBS is not 
only related to the mass, concentration and position of the different atomic species inside 
the sample. RBS can provide, also, an evaluation of the crystallinity of the specimen. If 
the target is a single crystal, the incident beam can be channelled along a crystal 
orientation or plane (axial or planar channelling). It means that the incident particles can 
be steered by a series of small angle deflections in the screened Coulomb field of the 
rows of target atoms, leading to a slow loss in energy and eventually coming to rest at a 
much deeper position inside the solid (see figure 3.9a). When this happens the 
backscattering yield of the target surface remains unchanged whilst the shadowing effect 
reduces drastically the probability of backscattering from the deeper layers (see figure 
3.9b). In practice the amorphous situation can be simulated using a randomly orientated 
incident direction. In reality this direction is achieved using a tilt angle from 5° to 7° 
away from a particular axis or plane. The overall effect can be seen in figure 3.9, where 
the backscattering yield for the channelled direction is reduced by a factor of about forty 
relative to random, with the exception of the surface signal.
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If we consider a particular atomic species at a depth x with the atoms in 
substitutional sites, they are shadowed by the target atoms nearer the surface and will not 
participate in the signal production. Only the atoms placed in interstitial sites will 
produce a backscattering signal. In addition lattice defects will contribute to de-channel 
the beam with possible backscattering and detection. The evaluation and comparison of
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the spectra collected at random and channelled orientations will provide information 
about the defects present, and substitutionality of impurity atoms inside the target.
Figure 3.10 shows the typical spectrum obtained when using randomly orientated 
beam and channeled direction. The surface signal in the channeled orientation is higher 
than the rest of the signal because of the effect of the surface target atoms not being 
shadowed. Obviously, only the channeled ions after backscattering will provide a deeper 
signal which will be lower than the surface signal.
This fraction Xmin is defined as:
(3-28)
1 R
Yield (E)
Figure 3.10: Comparison between spectra achievable in random and channelled direction.
Xmin ’s ab°ut 3 %  for good quality crystalline silicon.
Advantages and Disadvantages of RBS 
Advantages
• Good reproducibility.
• RBS associated with channelling is used for locating the impurity atom position in a 
single crystal.
• The primary use of this technique is in the quantitative depth profiling of 
semiconductors, polymers, catalysts, superconductors etc.
Disadvantages
• Cost of equipment is high.
• It has limited sensitivity.
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3.7 Secondary Ion Mass Spectroscopy (SIMS)
SIMS is widely used in detecting dopants and impurities within a material. The 
technique is sensitive to all the chemical species that can be detected with limits below 
parts per million (ppm). In this technique a beam of ions of medium energy, usually 
between 0.2 and 20 keV, strikes a sample maintained in an ultra high vacuum (10'7-10'n 
torr). This provokes a chain reaction in which one or several atoms are expelled from the 
surface. This phenomenon is called erosion or sputtering. The emission of particles due to 
direct impact with the primary ion is very unlikely. A certain fraction of the expelled 
particles (in the optimum condition we can have 1% of the total) is in an ionised state, 
and can be analysed by a mass spectrometer. Figure 3.11 represents the basic principle of 
this technique. For a more detailed treatment on the subject refer to the widely available 
literature [75].
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3.7.1 Basic Principles
There are two main phenomena that form the basis of the technique:
Sputtering
Ion production from the process of de-excitation is due to an exchange of kinetic 
energy between the primary ion and the particle emitted by sputtering. In this case the de­
excitation results in an emission of an Auger electron from the particles that leave the 
surface in an excited state. This ionisation process is typical for sputtering with an inert 
gas. The consequence of this is that an ion is emitted from the surface.
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Secondary Ion Emission
Chemical emission in which a charge exchange is enhanced by a reactive species, 
initially present on the surface introduced by bombardment. The species used as the 
primary ion are caesium and oxygen. Caesium (electropositive species) releases electrons 
enhancing the emission of negative ions. On the contrary oxygen enhances the emission 
of positive ions.
The efficiency of sputtering S (sputtering yield), the number of particles per 
incident ion depends on the characteristics of the sample and the primary ion utilised. In 
the literature there are plenty of papers describing the dependence of the sputtering yield 
(number of ejected particle per incident ion) on parameters such as energy and mass of 
the incident ion and target atom, and angle between the surface and the incident beam 
[76,77]. .
The sputtering yield is a function of:
• Crystalline structure.
• Crystal orientation.
• Atomic mass.
• Binding energy of the surface.
• Temperature of the sample.
The incident ion is a function of
• Energy (E).
• Atomic number.
• Angle & between the beam and the normal with the sample.
3.7.2 SIMS Tools
The SIMS tools consists of three sections: the source and the lenses that produce
and verify spatially the bombarding ions; the sample chamber; and the extraction, 
transmission, selection and detection of the secondary ions.
The SIMS apparatus in which the samples have been analysed, located at Cascade 
Scientific Ltd, is a Cameca IMS 6F with a primary beam energy of 750 eV C>2+ and 1.5 
keV C>2+. The source of this instrument is a duoplasmatron with which it is possible to 
have O jor Cs+ ions. The ion beam is spatially controlled with electrostatic lenses and
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deflection plates. The deflectors control the position of the beam in the x and y directions. 
The function of the optic system is to calibrate a beam with a tuneable diameter (1-200 
pm) and with energy up to 17.5 keV. The sample is placed at a potential of ±4.5 keV if 
the extraction lens is at ground potential. The electric field (1 keV/mm) accelerates the 
secondary electrons from the sample with the polarity, and at the same time inhibits the 
ions with opposite polarity. The ions from a particular area (to avoid the crater effect) of 
sputtering are transmitted and focused in a magnet that selects the ions according to the 
ratio of charge mass. It is possible to control several ion species using the magnetic field 
of the mass analyser. Finally the ions coming from the mass analyser are focused on a 
channel plate where they are transformed into an optical image.
SIMS measurements are usually done in ultra high vacuum. A Cameca IMS 6F has turbo 
molecular pumps to produce the vacuum in the sample chamber. It also has an electron 
gun that allows on electron beam to strike the sample to avoid any charge accumulation 
induced by the sputtering process.
Advantages and Disadvantages of SIMS 
Advantages
• This can be used for wide range of materials including organic, inorganic compounds, 
ceramics, polymers, biological samples, solid-state materials etc.
• The sensitivity of this analysis is very high and range from ppm to ppb. .
• SIMS has the ability to distinguish isotopes.
• High spatial resolution.
• Depth resolution up to 10 nm
• Lateral resolution up to 20 nm
• Quantitative analysis (if we have standard samples).
Disadvantages
• This is a destructive technique.
• The equipment is highly complex.
• The sensitivity is more for boron in silicon than for the rest of the impurities.
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Chapter Four
4. Experimental techniques
4.1 Introduction
The silicon wafers were p-type with <100> orientation grown by the Czochralski 
(CZ) technique with a resistivity of 2-10 £l-cm. Samples were implanted with antimony 
at different energies, namely, 2 keV, 5 keV, 12 keV and 40 keV with doses ranging 
from lxlO 14 cm"2 to lx l0 1Scm'2. The samples were annealed at temperatures ranging 
from 600°C-1100°C from 10s to 60min. All implant were carried out with 7° degree tilt 
and 22° degree twist to reduce the channeling effect. The values of doses and energies 
of antimony were chosen in order to match with arsenic profiles as simulated by TRIM. 
The as-implanted projected range for high energy (40 keV Sb, 30 keV As) and low 
energy (12 keV Sb, 10 keV As) of antimony and arsenic is 26nm and 12nm 
respectively.
Some samples were implanted with 5keV Sb, 5xl0 14cm"2 (single implant) and 
some with 5 keV Sb, 5xl0 14cm"2 + 70 keV Sb, 3xl0 13cm'2 (double implants). The 5keV 
implants were carried out first using an Applied Materials’ xRLEAP implanter whilst 
the secondary implants at 70keV were performed on a 200 kV Danfysik 1090 
accelerator. The puipose of the second implant in the case of double implants was to 
facilitate the measurement of the carrier profile. This produces an antimony 
concentration of 1018-1019 cm'3 in the tail of the 5 keV implant and moves the n+/p 
junction deep (f»80nm) into the material. Other samples were implanted with 2 keV Sb, 
lx l0 15cm'2 (single implant) and 2 keV Sb, lxlO 15 + 30 keV Sb, 2xl0 13cm-2 (double 
implants), in order to facilitate the measurement of all of the carrier concentration 
profile. This 30keV implant produces an antimony concentration of 1018-1019 cm'3 in 
the tail of the 2keV implant and moves the n+p junction deep («50nm) into the material 
and well away from the region we wish to measure. The 2keV implant was performed 
on an Applied Materials xRLEAP implanter, whilst the 30keV implants utilised a 200 
kV Danfysik 1090 machine. The double antimony implants enable the measurement of 
the complete electrical profile down to the 1 0 18 cm'3 level.
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4.2 Ion implantation
In this research project two groups of samples were produced. Samples from 
group 1 were implanted with antimony at different energies, namely, 2 keV, 5 keV, 12 
keV and 40 keY with doses ranging from lx lO 14 cm"2 to lx l0 15cm"2 and group 2 
samples with 10 and 30 keV arsenic at doses of lx lO 15 cm"2 and 5 x l0 14 cm"2 
respectively. All implants were performed into P-type <100> Si wafers of diameter 100 
or 200mm with a bulk resistivity of 2-10 fl.cm at RT. The tilt and twist angles for 
implantation were 7° and 22° respectively. The implants have been performed either at 
the University of Surrey on a 200 kV Danfysik implanter or a xRLEAP implanter at 
Applied Materials in Horsham. The dose error due to the use of the 200 kV Danfysik 
implanter is 2-3% (R. Gwilliam, private communication) and for xRLEAP implanter 
the equivalent value is <1% (Applied Materials, private communication).
The 200 kV Danfysik implanter is a system with two beam lines. In Line 1 the 
beam is electrostatically scanned and is used for implantation into a single wafer (up to 
200 mm). This line is equipped with a cooling system using Liquid Nitrogen (LN) as a 
refrigerating agent. The samples were mounted on support wafers placed on conducting 
vacuum grease, which was in contact with a silicon nitride coated aluminium chamber. 
The system composed of the walls and the outer shell create a tank that can be filled 
with LN in order to cool down the system. The temperature was monitored by a 
thermocouple positioned on the support plate of the wafer outside the view of the beam. 
During implantation the current is required to be low (between 0.64 and 2.8 mA/cm2) to 
avoid any heating effect due to the impinging beam on the wafer.
The beam is magnetically scanned before arriving at the implantation chamber 
where the wafer holder consists of an 8 wafers wheel. In this case the size of the wafer 
that can be loaded is up to 200mm. The wheel is already placed such as to guarantee a 
tilt angle of 7° and a twist angle of 22° with respect to the incident ion beam. This 
geometry is chosen to minimise channelling effects. The vacuum in the chamber is 
better than 10"e mbar. The beam is generated in the ion source that is a vacuum 
chamber, where the pressure is typically around 1.5xl0"s mbar. In the source chamber 
there are two electrodes (an anode and a cathode). By applying a DC voltage across the 
two electrodes an electric discharge is created. This can be fully or partially sustained 
by the gas or the vapour of the material that has to be ionised. The value of the voltage
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is usually dependent on the nature of the ion species. The material that has to be ionised 
can be introduced as a gas (like N2 for nitrogen implants) or can be produced from the 
evaporation of a solid source. In this latter case the starting material for the antimony 
and arsenic implants was pieces of metal in a BN boat near the hot filament together 
with argon plasma to create the ions.
After the beam is generated, the ions are extracted by means of an electric field 
generated by the application of a voltage ranging, usually, between 10 and 40 kV. The 
extracted beam is composed of all the ionised species present within the source. To 
select the required species the beam is magnetically analysed. The mass selected is, 
then accelerated to the required energy. When ion energies lower than about 20 keV are 
required, the beam is decelerated using a three electrode deceleration lens.
A second magnet is placed after the acceleration lens in order to deflect the beam 
toward the desired line and provide a better isotopic purification of the beam. The size 
and the shape of the spot of the produced beam have to be controlled as well. In order 
. to do this water-cooled silicon apertures are used in combination with magnetic and 
electrostatic quadrupole lenses. These lenses, moreover, are used to raster the beam 
across the surface of the implanted wafer in order to guarantee homogeneity of the ion 
dose. The dose is measured using four Faraday cups, which are placed, at the edges of 
the rastered area. Each Faraday cup, connected to a separate integrator, has a 
suppression electrode biased to -200 V, to suppress secondary elections in order to 
ensure an accurate measure of the dose.
The samples were loaded in the target chamber consisting of an area-defining 
aperture. For boron implants, a boron trifluoride gaseous source was used whilst in the 
case of antimony implants, antimony metal was used. The dose rate was 0.02 pA/cm' 
and all samples were implanted at room temperature (RT). Figure 4.1 shows the ion 
implant system is composed of an ion source, an accelerating section and an analyser 
magnet that selects only the ion species of interest and rejects other species.
Before we start to do measurements there are several processes to be carried out 
to prepare samples for analysis. In the following section, we discuss these processes in 
more detail.
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Figure 4.1: Schematic diagram o f the 200kV implanter at Surrey University.
4.3 Samples cleaning and cleavins
4.3.1 Cutting the Samples
After implantation the wafers were cleaved in order to achieve several square
shaped pieces with sizes typically of 1 cm2. It is more practical and economical to cut 
the round wafer that has a diameter of 10cm (4”) into small pieces (9mmx9mm and 
6mmx6mm) in order to do several measurements and get the average results, see Figure 
4.2. •
tweezers
Figure 4.2: The flats o f the wafer show the crystal orientation. By applying pressure on one of the flat edge 
and on the edge across it, the silicon wafer will break forming a straight line between the 2 points o f pressure.
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Because of the way the wafer is clamped during implantation, the outer part is 
unlikely to have the correct dose, and should not be used for processing. It is also best 
to ignore the lettered samples (figure 4.3) as these are still close to the outer area. The 
labelling of the wafer can help provide additional information about the uniformity of 
the implantation process as shown in figure 4.3, and may help in the analysis of 
anomalies once the samples have been processed.
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Figure 4.3: Diagram of 4 inch wafer (outer ring is 10 mm from edge).
4.3.2 Cleaning the Samples
The next process is to clean the samples (3-stage cleaning). To do it three
different chemical solvents namely, Methanol, Acetone, and Isopropanol (IPA) are used 
along with DI water. As these chemicals are hazardous to health, the work has to be 
done in a fume cupboard.
The first step is to heat up the methanol on top of the hot plate to about 60°C. 
Samples are then placed in the heated methanol for about 5min while stirring gently to 
shake off the dust. The samples are then placed in acetone and left for a further 5min. 
Finally the samples are placed in isopropanol and left for at least 2min followed by a 
dip into DI water and a rinse with a jet of Dl water. To complete the process, the 
samples are baked on the hot plate at 100°C for at least lOmin. After all the samples are 
cleaned, they are ready to be annealed.
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4.4 Rapid thermal annealing
The annealing was carried out using different temperatures for several ranges of 
time duration. The aim is to optimize annealing conditions (Temperature/time) to 
achieve the highest electrical activation and to minimize dopant diffusion. The 
annealing of the samples was carried out in the Process Products Corporation RTP 
halogen lamp system. All anneals were preformed in inert environment using nitrogen 
gas ambient (N2). The nitrogen was purged for five minutes before each annealing in 
order to reduce effects of contaminant gas. The temperature was increased to 350°C in 
one minute, held at 350°C for one minute, increased to the desired temperature using a 
heating rate of about 25-75°C/s and then held at this temperature for the required time. 
The sample was then allowed to naturally cool down to room temperature before 
venting the process chamber. Typical RTA cycles are shown in figure 4.4. During the 
annealing the vacuum in the process chamber was lxlO'5Torr. In this research several 
conditions of annealing, with temperatures ranging from 600°C to 1100°C and times 
from a few seconds to 1 hour, were used to investigate their effect on the electrical 
properties of the implanted layers. The error in the annealing temperature is estimated 
to be about T±10°C, Which represents the observed variation temperature during 
annealing.
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Figure 4.4: Schematic of a Rapid isothermal processing cycle.
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4.5 Photolithography
The aim of photolithography is to transfer images from a glass mask on to the 
surface of a silicon wafer. This is achieved using ultra-violet light passing through the
mask and hitting a light-sensitive material previously deposited on the wafer. After this\
step a developing solution is applied to the wafer, which removes either the exposed or 
the unexposed material, according to the nature of the resist. The material remaining on 
the wafer acts as a barrier for the following etching process meant to produce the 
required pattern on the material. Before starting, the samples have to be cleaned with 
the three stages of cleaning, as described above [see section 4.3.2].
The first step is the photoresist coating by placing the sample on a spinner; drop a 
small amount of photoresist (AZ 4330 A) and spin at 5000 rpm for 60s in order to 
achieve a resist layer of about 3 pm (measured using DEKTAK).
The second step is baking the sample on the hot plate at 100°C for 40s. The 
baking conditions have to be selected depending on the nature of the resist and on the 
thickness of the layer deposited. The temperature, however, should not exceed 120°C 
because the resist undergoes serious structural modifications which make it unreliable 
for the following process steps. Then sample is then ready for UV exposure.
Using a microscope, the mask was checked to find the best pattern. Insert the 
mask and the sample carefully in the machine and align the mask so that the pattern 
will be formed on the exact location on the sample. Set the exposure time to 3.6s and 
start the machine. Only the part of the photoresist-coated sample that is not covered 
with the pattern will be exposed to UV light. ,
Once the wafer has been exposed to the UV light, it is time to develop the pattern 
produced on to the photosensitive material. The developer solution consists of one part 
developer (AZ 400 K) and three parts DI water. For our samples, we are using 25 ml of 
developer and 75 ml of water. The sample is placed in the solution for about two 
minutes and moved it gently around inside the solution. When the exposed area starts to 
clear, it means that the exposed photoresist has already come off. Rinse the sample with 
DI water then dry it using a nitrogen gun. To make sure that there are no flaws, check 
under the microscope. Optical lithography is the process used during our research work 
to produce the Van der Pauw pattern (see figure 4.5) required to perform the Hall 
measurements.
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Once the development process is completed the sample has to be submitted to a 
treatment of etching. To do so, the resist has to gain hardness, resistance to the etching 
and adhesion to the substrate. Therefore to drive off any residual presence of 
developing solution and moisture from the samples, the patterned resist is hard baked 
using a temperature of 100°C for times of about 30mins.
Etched Region
Figure 4.5: Clover-leaf sample used for Hall effect and resistivity measurements according to van der 
Pauw technique.
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4.6 Etching
Performing an etching process on the sample will result in a selected etching of 
the part of the semiconductor not protected by the resist. This is, hence, the last step to 
produce the required shape on the surface of the semiconductor. Wet etching is used in 
our work.
The etching solution consists of HNO3 : HF: Water = 25: 2: 25 ratio. We dip the 
samples in to the solution for about one minute and then make sure that there are no 
acid residues. We need to use 3 containers filled with Di-water to rinse the sample. We 
then blow the sample diy with nitrogen and put it to dry for 1 0 s on the hot plate at 
100°C.
Using a Rank Taylor-Hobson Talystep, the photoresist thickness was measured to 
be about 1000A and after the etching the average step on each sample is 2000A. So 
now we know that on average we etched about 10 0 0 A of the sample.
Before disposing of the solution, it has to be neutralized. Pour the leftover 
solution into 3 separate water filled containers and then pour approximately one litre of 
sodium carbonate into each container. The neutralizing reaction (HNO3+ HF+ 
Na2CC>3=> NaNC>3 + NaF+ CO2 (g) + H2O) will be obvious because of the bubbling of 
CO2 produced. Sodium carbonate works to neutralise the acids. To speed up the 
process, we need to pour the mixture from one container to the other and also adding 
more sodium carbonate. When the bubbling reaction stops, we know that it is safe to 
dispose of the mixture. This neutralization process can be quite long.
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14.7 Profiling Preparation
There are several processes to be done before we can start the profiling of the 
samples. Wax covering is the first step of the preparation. Second, is Silverdag 
(Electrodag) Painting and finally is Silicone Rubber Coating. We chose only the best 
samples for profiling, that is samples with a high activation.
4.7.1 Wax Covering
In the wax covering process, we need to have a profiling strip, small paintbrush,
black wax and toluene to dilute the wax if it is too thick. To start, put a small amount of 
wax on the strip and stick a sample on it and wait for at least 1 0  minutes to let the wax 
dry and the sample stick properly on it. Then start covering the edges of the sample also 
the edges of the pattern and the outer edges of the contacts with the wax but be very 
careful not to cover all the contacts. Wait for at least 15 minutes to let the wax dry as 
shown in figure 4.6.
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Figure 4.6: (a) Put a small amount of black wax on the strip and stick a sample, (b) Covering the edges of the 
sample by black wax.
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4.7.2 Silverdag (Electrodag) Painting
The aim of painting the electrodag is to electrically connect the sample to the
copper connections on the profiling strip. The scheme used is shown in figure 4.7. Wait 
for the electrodag to dry before moving to the next step.
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Figure 4.7: Electrodag painting.
4.7.3 Silicone rubber coating
The last process is to cover the sample with silicone rubber so that the acid used
in the profiling process does not etch the sample and the strip. Silicone rubber 
compound is used to cover all paths of the sample and the strip up to the marking point 
where the profiling strip will be inserted in the profiling machine. However on the 
sample, the centre part of the pattern remains exposed and uncovered. Wait for several 
minutes until the silicone rubber compound is dry as shown in figure 4.8.
Figure 4.8: Silicone rubber compound coating on the samples and the profiling strip.
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4.8 Comparison o f antimony and arsenic at equivalent enemies 
and doses
Samples were implanted with antimony and arsenic at high energies, namely, 40 
keV and 30 keV for doses ranging from 4xl0 14 /cm2 to 5xl0 14 /cm2, respectively. In 
another set of samples, antimony and arsenic were implanted at low energy, namely 1 2  
keV with 8.5xl014 ions/cm2 antimony and 10 keV lxlO 15 ions/cm2 with arsenic, as 
shown in figure 4.9. The values of doses and energies of antimony were chosen in order 
to match with arsenic profiles as simulated by TRansport of Ion in Matter (TRIM). The 
as-implanted projected range for high energy (40 keV Sb, 30 keV As) and low energy 
(12 keV Sb, 10 keV As) of antimony and arsenic is 26nm and 12nm respectively.
High Energy 40 kev Sb*-4*10'Vcm! 
(as-implanted by TRIM)
10 20 30 40 60
Depth (nm)
- - 22.
Low Energy 10 keV As*- 1x101!/cm!
As-im planted by TRIM
Peak 8.51x10’ W
20 30
Depth (nm)
High Energy 30 keV As*-5*10” /cmJ 
(as-implanted by TRIM)
12 keV Sb*-8.5x1014/cm2 
As-implanted by TRIM
Peak 8.5x10**cm*
Low Energy
10 20 30 40 50
Depth (nm)
Depth (nm)
Figure 4.9: Antimony and arsenic concentration profiles as a function of depth for low energies, namely, 12 keV and 10 keV 
for doses ranging from 8.5xl014 Sb+ cm'2 to lx 1015 As+ cm'2. Also, antimony and arsenic concentration profiles as a function 
o f depth for high energies, namely, 40 keV and 30 keV for doses ranging from 4x 1014 Sb+ cm'2 to 5x 1014 As+ cm'2. The TRIM 
simulation o f the as-implanted atomic profile is included for comparison.
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(DI) H20  water, anodizing solution and Isopropanol (IPA). The sample is first dipped 
in the anodizing solution to grow the oxide layer. Hall measurement is then 
performed. The grown oxide is then removed in 10% buffered HF. Rinsed in DI 
water. It is then placed in IPA and is dried for 60s. The process is repeated until the 
desired depth.
• Upon completion of profiling, the sample holder is soaked in Digesil for a day to 
remove the silicone rubber, and toluene is then used to free the sample from the 
holder. The sample is then 3-staged cleaned before measuring the etch depth. If the 
measured etch depth is different to that reported by the HL5900 Stripping Hall BIO­
RAD, a recalculation is performed.
The Hall machine and the software HL55 WIN Hall system are used to perform 
measurements and produce data. The sample is placed on the measuring platform of the 
Hall machine. Then we place the 4-point probes on the sample’s contacts carefully to 
prevent scratching the contact’s surface. Close the lid of the machine and start the 
measurement. There are 4 main steps in the measurement process, which are described 
in the following section.
We need to make sure that there are no problems with our sample or the 
placement of the 4-point contacts on the sample. In this process, the Hall machine 
measures 6  different pairs of contacts, which are pairs 12, 23, 34, 41, 13, and 24. These 
6  different values need to be about the same. If one or more of the values is very 
different, we need to re-place or re-set the contacts on the sample and re-check to 
ensure the pairs of contacts have similar values. If this does not work, then there may 
be a problem with the sample and it will be discarded.
The anodisation process that has been commonly used in the past does not work 
well for very thin layers. We attempted to use anodisation but it was not possible for 
nm layer removal, due to poor uniformity and reproducibility. Also the junction formed 
as a result of the implantation has a depletion region associated with it which limits the 
extent of the profile which can be measured. We have considered these problems and 
have developed a method for determining the electrical profiles by using double 
implants of antimony and an improved method for removing thin layers (l-2 nm) 
uniformly and reproducibly so that the differential Hall technique can be utilised (see 
section 4.9.1).
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4.9 Hall effect Measurements
Once we get the Van der Pauw (VdP) pattern on the sample and the ohmic contact 
on top, electrical characterisation has to be performed via Hall effect measurements.
This tool allows us to determine the carrier concentration, Hall mobility and 
conductivity (see section 3.3.1), .
Using the anodic oxidation and stripping method, we can measure the electrical 
properties layer by layer to get the carrier concentration and mobility profiles as a 
function of depth. An oxide layer is grown electrochemically on the implanted sample 
by immersing in a suitable electrolyte [0.05M KNO3 10% DI H2O 90% Ethylene 
Glycol (HOCH2CH2OH)]. The thickness of the oxide formed is usually controlled by 
the applied voltage and must be calibrated. The oxide is then removed using a suitable 
solution (HF 10%), which does not attack the underlying material. Layers less than 10 
nm can be removed in this way. A platinum cathode completes the cell. The equipment 
used was The HL5900 Stripping Hall BIORAD (Microscience Division).
The step by step procedure to determine the sheet carrier concentration and sheet 
mobility profile as a function of the depth is summarised below:
• Hall profiling was done using the HL5900 Stripping Hall BIO-RAD (Microscience 
Division).
• Clean the sample holder and remove oxide off copper contacts.
• Attach the back of the sample to holder with a little black wax and allow to dry for 
lhr.
• Paint round sample edges with black wax, ensuring the wax covers up to and slightly - 
over the (Al) ohmic contacts and allow to dry for lhr.
• Silver dag is used to form contacts between the sample and the copper pads on the 
holder.
• Once the silver dag has dried, the contacts are checked using the HL5900 Stripping 
Hall BIO-RAD. If the contacts are good, the flowable silicon rubber is applied to 
protect the copper tracks away from the centre of the sample where the etching will 
occur.
• After the flowable silicone rubber has dried, the sample is then ready for profiling.
• Profiling was done using the HL5900 Stripping Hall BIO-RAD. It consists of four 
containers, which have four different solutions, namely 10% buffered HF, de-ionized
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4.9.1 A novel differential Hall effect technique
Following initial experiments carried out by R. Gwilliam, an idea for a new
technique to remove ultra-thin layers (lnm) of silicon was developed as part of this 
thesis. The approach here was to use native oxide growth instead of anodic oxidation. 
This was achieved by timing the duration that the sample spent in the de-ionized water 
enabling the growth of a very thin oxide, which was left in place during measurement. 
After each measurement, this oxide was stripped using buffered HF prior to fresh oxide 
growth. This process was repeated throughout the profile as shown in figure 4.10. The 
steps for Hall profile are:
• Dip in de-ionized (DI) H20  water for 10s.
• Dip in Isopropanol (IPA) for 10s.
• Dry for 60s.
• Hall measurement.
• Removal of oxide layer in buffered HF (10%) for 10s. The process is repeated until 
the desired depth. Figure 4.11 shows a flowchart for the modified technique for 
DHM.
Buffer (HF)
Overflow
Anodize pot
Dl-water
Sample rotating 
knob on the 
underside of the 
carousel. . . . . . .
Isopropanol
(IPA)
Figure 4.10: Placing the sample at the start position.
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Ion Implantation
Annealing
<k-^
Electrical properties: To determine layer-by- 
layer we can get carrier concentration and 
mobility profile as a function of the depth
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< = >
$
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The equipment used was the HL5900 Stripping Hall BIO-RAD (Microscience Division). This 
equipment allows automating the several steps composing the measure.
J Z
There are two main ways to remove layers, a chemical etch or an oxidation and removal process.
A chemical etch involves dissolving the 
material chemically, the process being timed 
to achieve the required depth.
An oxide and removed method can be 
achieved in two ways an anodization 
technique or a native oxide removed 
method.
Layer removal sequence native oxide method, this is the same as the chemical etch process however 
the Strip/etch pot is filled with buffered HF instead of a silicon enchant
Resistivitv measurement in start nosition
JL
Hail measurement
JL
Strip layer in buffered HF
JL
Samples oxidised in DI water to produce 
ultra-thin oxide layer. Wash in deionised 
water for 10s
JL
Dip in IPA for 10s and DRY for 60s
JL
Resistivitv measurements over IPA tank
JL
Hall effect & resistivity measured with 
oxide in place. Repeat from procedure.
Time in Dl 
water 
Determine 
magnitude 
of etch-step
AL
C
This process in repeated \  
until the layer of interest A
has been removed J
Figure 4.11: Flow chart for a novel differential Hall effect technique.
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4.10 Talvstep
The Rank Taylor-Hobson Talystep (model no.5) is a highly sensitive purpose 
built instrument designed for the micro-electronics industry which can measure vertical 
features down to 100A within a few percent accuracy. This method involves physically 
traversing the surface with a fine stylus suspended from an electro-magnetically 
sensitive spring. Vertical movement of the stylus is amplified electronically and 
recorded on paper by a spark pen. After leveling the sample with respect to the traverse 
plane, the stylus is scanned either across the test feature or over its edge. An accurate 
surface profile can be built up in this way and to some extent the instrument will also 
reveal the surface roughness up to a given range. Lateral features wider than a few mm 
such as edge profile of mesas or metal pads can also be inferred at very low stylus scan 
speed this dimension being limited by the physical width of the stylus. The maximum 
traverse length is 1 mm. The instrument is calibrated using reference samples with 
known step heights.
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Chapter Five
5. Experimental Results and Discussions
5.1 Introduction
The experimental results and discussion are presented in this chapter. They are 
presented starting with the highest energy (40 keV) antimony implants and finish with the 
shallowest implant (2 keV). Also included is a comparison of the higher energy implants 
(12 keV and 40 keV) with similar implants of arsenic (10 keV and 30 keV) which is 
currently the ion species used by industry. However, when annealing is performed at 
temperatures below 600°C, an increase of the sheet resistance is observed and the samples 
remain amorphous or do not re-crystalline completely. In the final section (5.10) a 
comparison is made of all the antimony implant data with published data.
5.2 40keVSb+ at a dose o f 4xlOl4/cm2
5.2.1 Electrical characterisation
a) Sheet measurements
The wafers were annealed at temperatures between 600°C and 1100°C for 10s and
30s in an inert nitrogen ambient and the results are shown in table 5.1.
Table 5.1: Sheet electrical data o f 40keV Sb, 4 x l0 14 cm'2 in silicon as a function o f  annealing temperature 
pertaining to the data in figure 5.1.
Annealing
temperature/time
(°C/s)
Sheet resistance 
(ft/a)
Sheet
mobility
(cm2/V-s)
Sheet carrier 
concentration 
(cnf2)
Electrical
activation
(%)
Repeated 
Uncertainty 
for electrical 
activation 
t%)
700/10 228 76 3.6xl014 90 (±4 . 1)
850/10 201 94 3.3xl014 83 (±3.5) ■
900/10 187 96 3.5xl014 88 (±3.5)
1000/10 215 91 3.2xl014 80 (±2.7)
1100/10 252 101 2.5xl014 62 (±4.1)
I 700/30 221 76 3.7xl014 93 (±3.0)
850/30 200 85 3. 6 x l0 14 92 (±2.9)
900/30 203 89 3. 5x l0 14 88 (±3.0)
1000/30 183 98 3.5xl014 88 (±2.7)
1100/30 340 106 2.8xl014 70 (±3.1)
The highest activation obtained is 93% following annealing at the lowest temperature 
of 700°C for 30 seconds, as shown in Figure 5.1. A gradual decrease in the electrical
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activation is observed above 950°C. A shorter annealing time of 10s produces lower 
electrical activities.
The “repeated” uncertainty values for the electrical activation, for each sample, are 
included in the table 5.1. The repeated uncertainty is combined with the instruments 
uncertainty, estimated to be +/- 2.5%, to gain a total reading uncertainty shown as error 
bars in figure 5.1. The same method was applied to obtain errors throughout the thesis for 
the electrical activation results.
700 800 900 1000 1100
Annealing Temperature (°C)
Figure 5.1: Electrical activation as a function of annealing temperature for 40 keV, 4 x l0 14 Sb cm ' 
implants, after isochronal annealing for 10s and 30s inN 2 ambient.
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b) Carrier concentration profiles
The samples were annealed at temperatures ranging from 700°C-1100°C for time of
10s and the results are shown in table 5.2.
Table 5.2: Sheet electrical data and peak electron concentrations of 40keV Sb+ in silicon as a function o f  
annealing temperatures, anneal time 10s.
Annealing
temperature
(°C)
Sheet resistance 
(n/D)
Sheet
mobility
(cm2/V-s)
Sheet carrier 
concentration 
(cm-2)
Peak electron 
concentration 
(cm'3)
Electrical
activation
(%)
700 228 76 3.6xl014 2x 1020 90
800 202 89 3 .5xl014 1.6xl020 88
900 187 96 3 .5xl014 8 x l0 19 88
1000 215 91 3 .3xl014 6 x l0 19 83
1100 252 101 2 .5xl014 3 x l0 19 62
Throughout the thesis TRIM2003 software code was used to calculate atomic profiles 
in order to plan experiments. However, as can be seen in figures 5.19 and 5.31, the TRIM 
profiles do not agree well with the atomic profiles determined by. SIMS. We believe that 
the SIMS profiles are a good representation of the as-implanted atomic profiles. The reason 
why these are different from the TRIM calculations is that the TRIM calculations are based 
on the idea that no radiation enhanced diffusion or ion beam mixing occur during 
implantation. In reality the implanted atoms are energetic and mobile dining ion 
implantation and migrate to cause a broader profile than the TRIM simulation suggests.
Figure 5.2 shows the carrier concentration profiles following 10s anneals in a 
nitrogen ambient for annealing temperatures of 700°C and 800°C in which no in-diffusion 
of antimony is observed. The profiles in Figure 5.2 approximately match the as-implanted 
TRIM simulation. However, there is a small decrease in carrier concentration in the region 
15-30nm corresponding to the 10-12% of inactive antimony. The carrier concentration 
close to the surface (about 1019 cm'3) is higher than the TRIM profile suggesting that 
antimony diffuses towards the surface during implantation or during annealing. The data 
for the 800°C profile contains many more points than for 700°C because the etch rate (lnm 
per etch step) was varied as described above (chapter four, in section 4.9). In contrast to the 
results for low temperature anneals, we have observed significant diffusion of antimony for 
900°C and 1100°C anneals and junction depths, defined here as the depth at which the 
electron concentration falls to 1018 cm'3, were increased to about 80nm (figure 5.3).
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The data (Table 5.2) shows that the peak carrier concentration is reduced as the 
antimony profile broadens. The junction depth, is about 60 nm following the low 
temperature anneals. A peak carrier concentration of 3-4x1020 cm'3 is obtained which is 
similar to the value reported by Nylansted-Larsen et al [22] for 80 keV implants. The sheet 
resistance goes through a minimum of 187 ft/n at 900°C. The sheet mobility increases with 
increasing annealing temperature (Table 5.2) due to a combination of lower carrier 
concentrations and reduced damage at the higher annealing temperatures.
RTA 10s As-implanted (TRIM)
T=700°C (Hall) 
T=800°C (Hall)
40 keV Sb, 4x1014 /cm2 
=> (Single implant)
40 60
Depth (nm)
80 100
Figure 5.2: Carrier concentration profiles as a function of depth for 40 keV, 4xlOl4 Sb cm'2 implants 
after annealing for 10s at 700°C and 800°C. The TRIM simulation o f the as-implanted atomic profile is 
included for comparison.
66
Antimony implants for ultra-shallow junctions in silicon
Chapter Five: Experimental Results and Discussion
RTA 10s —  As-implanted (TRIM)
■ T=900°C (Hall)
•  T=1100°C (Hall)
40 keV Sb, 4x1014 /cm2 
=> (Single implant)
40 60
Depth (nm)
100
Figure 5.3: Carrier concentration profiles as a function of depth for 40 keV, 4xlOl4 Sb cm'2 implants 
after annealing for 10s at 900°C and 1100°C. The TRIM simulation of the as-implanted atomic profile is 
included for comparison.
5.2.2 A comparison of Rutherford backscattering (RBS) and Differential 
Hall Effect (DHE) measurements
The RBS and channelling measurements employed a 1.56MeV 4He+ beam with a
detector at a scattering angle of 147°. Depth profiles were extracted from non-aligned 
spectra with the DataFumace fitting code [71]. RBS and channelling have been used to 
determine the substitutional fraction of the antimony implant after annealing, to measure 
the retained dose and to monitor gross diffusion during annealing. In order to investigate 
the loss of electrical activity at higher annealing temperatures, RBS was used to determine 
the non-substitutional fraction, from which cluster formation may be inferred since the 
peak atomic distribution exceeds the solid solubility (7x1014 cm'3) as reported by Trumbore 
[78]. However, figure 5.2 shows that ion implantation can produce non-equilibrium carrier 
concentrations equivalent to values well above this solid solubility value. Table 5.3 shows 
the solid solubility of antimony implants in silicon at different annealing temperatures.
Annealing Temperature (°C) Solid solubility (atoms/cm3)
700 2 x l0 19
800 2.5xl019
900 3xIo'»
1000 4.5xlOi9
1100 7x10^
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The total antimony dose measured by RBS is shown in Table 5.4 together with the 
counting statistics uncertainty for each sample. The average retained dose and average 
uncertainty is 3.8±0.3xl014 cm'2 (i.e. - 8 %). We have also determined the substitutional 
fraction (calculated as S = [ l-% m(Sb)] where Xm is the ratio between the backscattering 
yield in aligned and random directions) using an increased total number of counts to 
improve statistics and to give a reduced uncertainty of ±2% (last column of Table 5.4). The 
substitutional fraction for annealing temperatures below 900°C, is constant, but tends to 
reduce at higher annealing temperatures.
Table 5.4: Substitutional fractions and retained dose as a function of annealing temperatures. (See data in 
figure 5.5, the uncertainty is la ). The depths considered in channel numbers are given for the “deep” and 
“shallow” regions. The annealing time was 10s.
Annealing
Temperature
(°C)
Dose
(cm’2)
Uncertainty 
from  
counting 
statistics ( la )  
(cm’2)
Substitutional
Fraction
Sbsh;,ll0,v °7o 
Channel no 
(396-406)
Substitutional 
Fraction  
Sb|iCCp °7o  
Channel no 
(384-395)
Substitutional 
Fraction  
Sbtoial %
(As implant) 3.9X1014 0.4X1014 — — —
700 3.9X1014 0.2X1014 94 94 94±2
800 3.7X1014 0.3X1014 96 95 95±2
900 3.5X1014 0.3X1014 93 90 90±2
1000 4.1X1014 0.3X1014 75 91 85±2
Figure 5.4 shows RBS random spectra of the implants for annealing temperatures of 
700°C and 1100°C. A good fit is observed for the two spectra, and the derived antimony 
profiles show evidence of diffusion at higher annealing temperatures consistent with the 
electrical profiles. These are relatively low energy (and depth) resolution spectra where the 
Gaussian shape of the antimony signal is due almost entirely to broadening by the system 
resolution (16keV equivalent to about 30nm). The DataFumace code [71] uses Occam’s 
Razor to minimise the number of fitting parameters, and the fitted profile will have the 
minimum number of layers consistent with the spectrum. Of course, the implanted profile 
will be nearly Gaussian, not rectangular, but this just emphasises the ambiguity of RBS 
data. The fitted profile is consistent with the data even though we know that the profile is 
not really rectangular. The code can fit for a Gaussian shape antimony profile, but then the 
fit is not model-free. It is useful to have fits like this since then the user does not get a false 
idea of how much information is really in the data.
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Figure 5.4: RBS spectra taken in non-aligned orientation together with antimony profiles derived from DataFumace 
fitting. The pulse-pile up background is correctly calculated by DataFumace. (A) and (C) are spectra for 700°C and 
1100°C anneals (triangles) and fits (line), (B) and (D) are antimony atomic profiles.
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The channelling data to determine the non-substitutional fraction of antimony for all 
samples are shown in figure 5.5. The channelling behaviour near the surface is different 
from deeper in the sample, and this is quantified in Table 5.4. The boundary between 
“shallow” (channels 396-406) and “deep” (channels 384-395) occurs at a depth of about 26 
nm. It can be seen that at annealing temperatures above 900°C the non-substitutional 
fraction of antimony near the surface increases significantly. For example, annealing at 
1100°C shows that only 56% of the antimony atoms near the surface occupy lattice sites. 
Thus 44% of the antimony atoms do not occupy lattice sites and RBS measurements are 
consistent with results from Hall effect measurements at these high annealing temperatures, 
as clearly suggested in the spectrum of Figure 5.5F. It is interesting to note that the 
substitutional fraction of antimony deeper in the sample remains high at about 90%. Since 
there is no evidence of antimony loss at high annealing temperatures, it seems likely that 
antimony is becoming non-substitutional (and probably precipitating) at the interface with 
the native oxide (see Figure 5.5F). This result correlates well with the electrical 
measurements, which show lower electrical activation at annealing temperatures above 
900°C.
Figure 5.6 shows RBS of the fitting for the channelled spectra of the implants for 
annealing temperatures of 700°C. We also note that a good fit to the experimental RBS 
channelled spectra (see Figure 5.6) requires (i) the inclusion of 2nm of native oxide, which 
remains at a constant thickness independent of annealing conditions showing that the 
annealing did not oxidise the surface, and (ii) the inclusion of 2 nm of “amorphous silicon” 
beneath the surface oxide. This interlayer is also invariably seen in RBS spectra of good 
quality (unimplanted) oxide layers on Si [79] and shows that the annealed samples have a 
crystallinity comparable to virgin wafers (as seen by RBS). Any Sb precipitation does not 
appear to degrade the Si channelling. The 2nm layer represents the thickness of the 
crystalline layer needed to establish the channelling of the incident helium beam and is an 
artefact of the measurement [79],
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Figure 5.5: RBS channelling (C) and random (R) spectra of Si samples implanted with 40keV Sb+ at a dose of 4x 1014 
cm'2, (A) is the as-implanted spectrum and annealed at 700°C (B), 800°C (C), 900°C (D), 1000°C (E) and 1100°C (F).
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c Si
Figure 5.6: RBS example o f the fitting for the channelled spectra. The partial spectra are shown 
for the channelled silicon substrate, and the non-channelled surface layers Si, O, C in channels 
260, 170, 120 respectively (arrowed).
5.2.3 Summary
The highest electrical activities were about 90-95% with a corresponding sheet 
resistivity of about 200 Q/a for samples annealed at 800°C and below. We have observed 
significant diffusion of antimony for 900°C and 1100°C anneals. The peak electron 
concentration was found to be well above the published solid solubility limit following 
these low temperature anneals. The junction depth of 60nm was essentially that of the as- 
implanted atomic profile, so no measurable diffusion of the antimony occurred at the low 
temperatures where optimum electrical results were obtained. The decrease in the peak 
carrier concentration with increase in annealing temperature is due to out-diffusion of 
antimony from the active region as shown from the electrical profile. We have found very 
good agreement between the RBS determination of the substitutional fraction and the 
electrical activity measured by the Hall effect (as summarised in the Tables 5.2 and 5.4), 
indicating that the assumption that the Hall scattering factor is unity is reasonable.
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5.3 Antimony and arsenic implants at different energies and doses 
5.3.112 keV Sb+at a dose of 8.5xl014/cm2
Samples were annealed at temperatures ranging from 650°C-1050°C for 30s and the
results are shown in table 5.5. Also, some samples were annealed for longer annealing 
times from 0.5mins to 60mins at 650°C, and the results are shown in table 5.6.
Table 5.5: Sheet electrical data of 12 keV Sb at a dose o f  8 .5xl014 cm'2 in silicon as a fiinction of annealing 
temperature pertaining to the data in figure 5.7.
Annealing
Temperature/
time
(°C/s)
Sheet
resistance
(Sl/a)
Repeated 
Uncertainty 
for sheet 
resistance 
(%)
Sheet
mobility
(cm2/V-s)
Sheet carrier 
concentration 
(cm'2)
Electrical
activation
(%)
Repeated 
Uncertainty 
for electrical 
activation 
(%)
650/30 279 (±2.9) 33 6.9xl014 81 (±3.1)
700/30 221 (±3.1) 48 5.9xl014 69 (±2.6)
850/30 283 (±3.2) 60 3.7xl014 44 (±2.9)
900/30 290 (±3.2) 70 3 x l0 14 35 (± 3 . 1)
1000/30 352 (±2.9) 89 2 x l0 14 24 (±2.9)
1050/30 402 _(±3-0) , 93 1.7xl014 20 (±2.7)
Table 5.6: Sheet electrical data o f 12 keV Sb at a dose o f 8.5x 1014 cm'2 in silicon as a function o f annealing time 
pertaining to the data in figure 5.7.
Annealing
Temperature/time
(°C/mins)
Sheet resistance 
(ft/d)
Sheet mobility 
(cm2/V-s)
Sheet carrier 
concentration 
(cm'!)
Electrical 
activation (%)
650/0.5 279 33 6.9x l014 81
650/10 227 43 6 .5xl014 77
650/15 232 50 5.5xl014 65
650/20 225 48 5 .7xl014 67
650/40 226 52 5.4xl014 64
650/60 228 50 5.5xl014 65
For 12 keV Sb implants, figure 5.7 shows that the highest electrical activity, of about 
81%, is obtained at the lowest annealing temperature of 650°C for 30s. The lowest sheet 
resistance values (~220 Q/d) however, were found to occur at 700°C but similar low values 
were obtainable at 650°C by increasing the annealing time to 10 mins. The additional time 
( > 1 0  mins) is thought to be necessary to complete the solid phase epitaxial re-growth 
process i.e. to complete re-crystallisation of the implanted layer. The “repeated” 
uncertainty values for the sheet resistance, for each sample, are included in the table 5.5. 
The repeated uncertainty is combined with the instruments uncertainty, estimated to be +/- 
2.5%, to gain a total reading uncertainty shown as error bars in figure 5.7. The same 
method was applied to obtain errors throughout the thesis for the sheet resistance results. 
However, a decrease in the electrical activation from 81% to 65% is observed for longer 
annealing times from 0.5mins to 60mins at 650°C (Table 5.6).
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Figure 5.7: Electrical activity and sheet resistance as a function of annealing temperature for 12 keV, 
8.5xl014 Sb+ cm-2. The annealing time was 30s. © Sheet resistances for anneal at 650°C for 10 minutes.
5.3.2 Comparison of antimony at 12 keV and 40 keV and doses of 8.5xl014 
cm'2 and 4xl014 cm'2 respectively and arsenic at equivalent energies and 
doses
Samples were annealed at different temperatures in the range of 700°C-1000°C for 
30s. Arsenic was implanted in another set of samples, for comparison. The results for both 
the low energy and high energy implants are shown in table 5.7 for antimony and table 5.8 
for arsenic. The values of doses and energies of antimony were chosen in order to match 
with arsenic profiles as simulated by TRIM. The as-implanted projected range for high and 
low energy of antimony and arsenic is 26nm and 1 2 nm respectively [as described in section 
4.8].
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Table 5.7: Sheet resistance, sheet mobility and sheet carrier concentrations of antimony implanted silicon samples using Hall 
effect measurements.
Energy
(keV)
Dose
(ion/cm2)
Annealing
Temperature
/time
(“C/s)
Sheet
resistance
(Slid)
Repeated 
Uncertainty 
for sheet 
resistance 
t%)
Sheet
mobility
(cm2/V-s)
Sheet carrier 
concentration 
(cm'2)
Electrical
activation
(%)
Repeated 
Uncertainty 
for electrical 
activation 
(%)
12 8.5xl014 850/30 283 <±3&> 60 3.7xl014 44 _ .
12 8.5xl014 900/30 290 (±3.2) 70 X t—k 7
L 35 (±3.1)
12 8.5xl014 1000/30 352 (±2.9) 89 2 x l0 14 24 (+2.9)
40 4 x l0 14 700/30 186 (±2.5) 61 3 .7xl014 92 (±2.7)
40 4 x l0 14 850/30 210 (±2.7) 77 3.5xl014 89 (±2.6)
40 4 x l0 14 900/30 259 (±2.7) 91 3 x l0 14 75 (±2.7)
Table 5.8: Sheet resistance, sheet mobility and sheet carrier concentrations of arsenic implanted silicon samples using Hall 
effect measurements.
Energy
(keV)
Dose
(ion/cm2)
Annealing
Temperature
/time
(°C/s)
Sheet
resistance
(ft/a)
Repeated 
Uncertainty 
for sheet 
resistance
: )
Sheet
mobility
(cm2/V-s)
Sheet carrier 
concentration 
(cm*2)
Electrical
activation
(%)
Repeated 
Uncertainty 
for electrical 
activation 
• (%)
10 lxlO 15 850/30 250 (±2.6) 63 4 x l0 14 40 (±2.7)
10 lxlO 15 900/30 267 (±2.6) 65 3.5xl014 35 (±2.6)
10 lxlO 15 1000/30 214 ( ± 2 .7 . 64 4.3xl014 43 (±2.6)
30 5 x l0 14 700/30 244 (±2.6) 70 3.7xl014 74 (±2.7)
30 5x l0 14 850/30 217 (±2.6) 81 3 .5xl014 70 (±2.6)
30 5 x l0 14 900/30 203 (±2-6) 81 3.8xl014 76 (±2.6)
Comparisons of electrical activity and sheet resistance data for both the low energy 
and high energy antimony and arsenic implants are shown in figures 5.8 and 5.9 
respectively. For the high energy (40 keV) antimony implants, the highest electrical 
activation (>90%) and lowest sheet resistance (180 £!/□) are obtained at the lowest 
annealing temperature of 700°C (30s). In contrast, for arsenic at an equivalent energy, We 
find that the electrical activity is only about 75% and does not vary significantly with 
annealing temperature. Furthermore, for the arsenic implants the sheet resistance is lowest 
(200 Q./d) at the highest temperature (900°C). For the lower energy implants, there is only 
a small difference in the electrical activation for antimony implanted samples annealed at 
850°C compared with arsenic. Higher annealing temperatures improve the electrical 
activation for arsenic implants but not for antimony implanted samples. The trend obtained 
in our measurements is of increasing activation for antimony with decreasing annealing 
temperature and an increasing activation for arsenic with increasing annealing temperature. 
These results clearly demonstrate that better electrical characteristics are obtained for 
antimony compared with arsenic for both high and low energy implants provided a lower , 
thermal budget is used.
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Figure 5.8: Comparisons of electrical activity and sheet resistance as a function o f annealing temperature 
for low energy and high energy antimony implants. The annealing time was 30s.
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Figure 5.9: Comparisons o f electrical activity and sheet resistance as a function o f annealing 
temperature for low energy and high energy arsenic implants. The annealing time was 30s.
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5.3.3 Summary
The highest electrical activities (>90%) and the lowest sheet resistance values (<200 
£}/□) were obtained for antimony implants at the lowest annealing temperatures, 650- 
700°C. In particular, for implants at 12 keV the highest electrical activities were obtained at 
the lowest temperature 650°C and for the shortest anneal times (10 or 30s). The lowest 
sheet resistance values however, were found to occur at 700°C but similar low values were 
obtainable at 650°C by increasing the anneal time to 10 mins. The longer time is thought to 
be necessary to allow complete regrowth of the amorphous layer by solid phase epitaxy. No 
improvement in the electrical activities and sheet resistance values were observed by going 
to times greater than lOmins. Our results demonstrate that we can obtain significantly 
better electrical characteristics with standard deviations by using antimony instead of 
arsenic coupled with a lower thermal budget.
77
Antimony implants for ultra-shallow junctions in silicon
Chapter Five: Experimental Results and Discussion
5.4 5keV Sb+ at a dose o f 5>d014/cm2
5.4.1 Electrical characterization
a) Sheet measurements
The wafers were annealed at temperatures between 600°C and 1100°C for 10s in an
inert nitrogen ambient and the results are shown in tables 5.9 and 5.10.
Table 5.9: Sheet electrical data o f 5keV Sb, 5 x l0 14 cm"2 in silicon as a function o f annealing temperature pertaining to 
the data in figure 5.10. Annealing time is 10s. Also, note (-)* refers to activation calculated from SIMS data.
Annealing
Temperature
(°C)
Sheet
resistance
(£!/□)
Repeated 
Uncertainty 
for sheet 
resistance 
(%)
Mobility
(cm2/V-s)
Sheet carrier 
concentration 
(cm"2)
SIMS dose 
x l0 14/cm2
Activation
(Ns/retained
dose)
(%)
Repeated 
Uncertainty for 
electrical 
activation (%)
600 431 (±3.2) 49 3 x l0 14 3.7 60 => (74)* (±2.8)
700 401 (±2.7) 49 3.2X1014 — 64 (±2.5) ;
800 414 (±3.6) 53 2.9X1014 3.6 58 => (72)* (±3-1)
900 500 (±2.9) 73 1.7X1014 — 34 (±2.8)
1000 499 (±2.9) 71 1.8X1014 — 36 (±2.8)
1050 621 (±2.9) 96 1 xlO 14 — 20 (±2.6)
1100 769 (±2.9) 100 8 x l0 13 ... 16 (±2.7)
Table 5.10: Sheet electrical data of 5 keV Sb, 5 x l0 14cm‘2 + 70 keV Sb, 3 x l0 13cm’2 (double implants) in silicon as a 
function o f annealing temperature pertaining to the data in figure 5.12. Annealing time is 10s. Also, note (-)* refers to 
activation calculated from SIMS data.
Annealing
Temperature
(°C)
Sheet
resistance
(Ota)
Repeated 
Uncertainty 
for sheet 
resistance 
(%)
Mobility
(cin2/V-s)
Sheet carrier 
concentration 
(cni2)
SIMS dose 
x l0 14/cm2
Activation
(Ns/retained
dose)
(%)
Repeated 
Uncertainty 
for electrical 
activation 
(%)
600 400 (±3.2) 54 2.9X1014 2.69 55 => (51)* (±2.7)
700 384 (±3.0) 71 2.29X1014 2.63 46 => (49)* (±2.6)
800 395 (±3.2) 86 1.85X1014 — 37 (±2.8)
900 398 (±3.2) 113 1.4x10“ — 31 (±2.9)
1000 411 (±3.8) 123 1.2 4 x l0 14 . . . 25 (±3.2) .
1100 448 (±3.1) 129 1 xlO 14 . . . 22 (±3.2)
The electrical activation and sheet resistance measured as a function of the annealing 
temperature for the single energy 5 keV antimony implant is shown in figure 5.10. We 
observe a decrease in the electrical activation from 60% to 16% and an increase in the 
sheet resistance from 430 to 770 O f a with increasing annealing temperature from 600°C to 
1100°C. It is clear that, for the range of annealing conditions investigated, the sheet 
resistance of the layer increases with increasing annealing temperature and the percentage 
of electrical activation decreases with increasing annealing temperature. The highest 
electrical activity (64%) and the lowest sheet resistance (401 f2/d) are obtained after 
annealing at 700°C for an annealing time of 10s. However, similar values are obtained at
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600°C by increasing the annealing time to 60 mins (figure 5.11). However, no change in 
the electrical activation and sheet resistance is observed for longer annealing times from 
15min up to lhr at 600°C.
The decrease in activity at 1100°C is most probably due to out diffusion since we 
have observed significant profile broadening for high temperature anneals. The sheet 
mobility increases from about 50 cm2/Vs following the 600°C anneal to 100 cm2/Vs at 
1100°C. The sheet mobility increases with increasing annealing temperature (Table 5.9) 
due to a combination of lower earner concentrations (implying a lower ionized impurity 
scattering) and reduced damage at the higher annealing temperatures.
Samples were implanted with 5keV Sb, 5xlOI4cm’2 (single implant) and 5 keV Sb, 
5x l0 14cm"2 + 70 keV Sb, 3 x l0 13cm’2 (double implants) [as described in section 4.1]. The 
electrical activation and sheet resistance measured as a function of the annealing 
temperature for the double energy 5 keV and 70 keV antimony implants is shown in figure 
5.12. We observe a decrease in the electrical activation from 55% to 22% and an increase 
in the sheet resistance from 401 to 446 Q/n with increasing annealing temperature from 
600°C to 1100°C. Also, the sheet mobility increases from about 50 cm2/Vs following the 
600°C anneal to 130 cm2/Vs at 1100°C (Table 5.10). This improvement in mobility is 
believed to be associated with the decrease in carrier concentration (hence decrease in the 
ionized impurity scattering) and the complete removal of defects as a result of the higher 
temperature anneals (figure 5.13). Tables 5.9 and 5.10 show the retained dose measured by 
both SIMS and DHM. Both measurements show similar retained dose for different 
annealing temperatures. From Hall measurement, a decrease in active dose is observed with 
increasing annealing temperature from 600°C to 1100°C. Also from Tables 5.9 and 5.10, 
there is a difference of ~ lx l0 14 cm '2 in the retained dose measured by SIMS between single 
implant and the double implants. This difference is due to the removal of the oxide layer 
containing antimony during wafer surface cleaning [as described in section 4.1].
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Figure 5.10: Electrical activation and sheet resistance as a function of annealing temperature for 5 keV 
Sb. The annealing time was 10s.
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Figure 5.11: Electrical activation and sheet resistance as a function o f annealing time for 5 keV, 5xlOu 
Sb+ cm'2. The annealing temperature was 600°C.
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Figure 5.12: Electrical activation and sheet resistance as a function of annealing temperature for 5 keV Sb, 
5* 10l4cm’2 + 70 keV Sb, 3* 10ncm'2 (double implants). The annealing time was 10s.
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Figure 5.13: Sheet carrier concentration and sheet mobility vs annealing temperature for a single implant 
o f 5 keV Sb, 5x 1014cm'2 + 70 keV Sb, 3* lo'^cm " (double implants). The annealing time was 10s.
81
Antimony implants for ultra-shallow junctions in silicon
Chapter Five: Experimental Results and Discussion
5.4.2 A comparison for 5 keV Sb implants of Differential Hall Effect 
(DHE) carrier concentration profiles and Secondary Ion Mass 
Spectroscopy (SIMS) measurements
Samples were implanted with 5keV Sb, 5 x l0 14cm’2 (single implant) and 5 keV Sb,
5 x l0 14cm"2 + 70 keV Sb, 3 x l0 13cm"2 (double implants). They were annealed at a 
temperature of 600°C and 800°C for 10s. Differential Hall Effect (DHE) profiling was 
done and electrical activation was obtained (see Table 5.9) for single implant and (Table 
5.10) for double implants. The TRIM simulation for double implants on 5 keY samples is 
shown in figure 5.14. By increasing the background doping level, it is possible to improve 
the depth resolution of the differential Hall technique. This means great care has to be 
taken in choosing the substrate material, as the analysis required after may not give 
accurate results. Double implants reduce the errors associated with the surface n/p junction 
depletion region and are necessary to obtain a stable Hall profile in the tail region as 
shown in figure 5.15 [as described in section 4.1].
Figure 5.15 compares the atomic profiles determined by SIMS with two carrier 
concentration profiles measured by the DHE technique after annealing the single energy 
(5keV) implanted material at 600°C and 800°C for 10 seconds. The two carrier 
concentration profiles are very similar. However, it is clear from the profiles that it is only 
possible to measure part of the earner distribution because of the close proximity of the 
n+/p junction and the high resistance associated with the resulting depletion region. A peak 
carrier concentration of 3~4xl020 cm'3 is obtained which is similar to the value reported by 
Nylansted-Larsen et al [22], (also see Tables 5.19 and 5.20 in section 5.10) following 
700°C anneals of 80 keV antimony implants at doses in the range of 2 x l0 15 to lxlO 16 cm'2. 
The SIMS atomic profiles are identical for these two annealing temperatures, whilst the 
carrier concentration is slightly deeper but nevertheless similar to the atomic profile when 
measurement errors are taken into account. Thus diffusion of antimony is clearly absent 
under these annealing conditions.
The SIMS atomic profile for the as implanted material agrees, within experimental 
error, with those measured after annealing at 600°C and 800°C (figure 5.16). Also, the 
SIMS atomic profiles have been measured for the double implant (5 keV + 70 keV) for the 
as implanted material and agree, within experimental error, with those measured after 
annealing at 600°C and 700°C (figure 5.17). This indicates that antimony does not diffuse 
under these annealing conditions.
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Complete electrical profiles have been measured using the double implant (5 keV + 
70 keV) and figure 5.18 illustrates the differences between three profiles which quantifies 
typical variations observed and the reproducibility of the profiling technique. Here the peak 
carrier concentration is lower (about 2 x l020 cm'3) than the value measured for the single 
energy implant (figure 5.15). This may be due to the better sensitivity that we have using 
the double implant scheme or it may be due to a net reduction in vacancy concentration in 
the near surface region as a result of the deeper implant, which reduces the carrier 
concentration. However, we have found peak carrier concentrations of about 2xl020 cm"3 
for 40 keV implants [as described in section 5.2], The carrier profiles (figure 5.18) follow 
the atomic profile quite closely in the tail region down to the minimum in the double 
implant profile. The deeper, 70 keV antimony implant has apparently not become fully
to 1
activated, but has produced canier concentrations in the range up to 2x10 c m '. Thus we 
can conclude that the junction depth, defined here as the depth at which the carrier 
concentration falls to 1 0 18 cm'3, is 2 2  +/-lnm, which agrees with the atomic profiles qf 
figures 5.15 and 5.16. From figures 5.17 and 5.18 the junction depth, is 6 6  +/-lnm. In 
figure 5.18, thejunction depth from DHM does not match that obtained from SIMS. There 
are several possible explanations for this. First, the antimony in the tail region (70 keV) 
may not be fully electrically activated. On the other hand, we have not attempted to apply a 
correction for the zero bias depletion depth which may result in the junction depth being 
deeper than measured (see page 92 for more detailed explanation).
The comparison between the SIMS double implant profiles and TRIM simulation for 
double implants for 5keV samples is shown in figure 5.19. The as-implanted TRIM 
simulation and the as-implanted SIMS profiles do not agree (figure 5.19). However, the 
measured peaks in the atomic profile are shallower by 2-5nm than the simulation. The 
atomic profile by SIMS close to the surface (about 4xl020 cm'3) is lower than the TRIM 
profile. The probable explanation is that antimony suffers from radiation enhanced 
diffusion during implantation (see section 5.2).
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Figure 5.14: TRIM simulation for double implants on 5 keV and the deeper implant (70keV).
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Figure 5.15: Carrier concentration profiles for 5 keV, 5 x l0 14 Sb+ cm'2 annealed at 600°C and 800°C 
with an annealing time of 10s. A SIMS atomic profile is shown for the 600°C anneal. The atomic 
profiles are identical for as implanted, 600°C and 800°C.
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Figure 5.16: SIMS profiles for 5 keV, 5 x l0 14 Sb+ cm'2. SIMS atomic profiles are identical for as 
implanted, 600°C and 800°C. The annealing time was 10s.
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Figure 5.17: SIMS profiles for 5keV Sb+ at dose o f 5 x l0 14 cm'2 and 70keV Sb+ at dose of 3 x l0 13 cm'2. 
SIMS atomic profiles are identical for as implanted, 600°C and 700°C. The annealing time was 10s.
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Figure 5.18: Three carrier concentration profiles for double implants: 5keV Sb+ at dose o f 5x 1014 cm'2 and 
70keV Sb+ at dose of 3x 1013 cm'2. Also included is a SIMS atomic profile. The annealing temperature was 
600°C for 10s. Xj denotes the junction depth o f about 22nm.
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Figure 5.19: TRIM and SIMS plotted for double implants on 5 keV and the deeper implant (70keV).
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5.4.3 Summary
The use of a higher energy (70 keV) implant enables the measurement of the 
complete electrical profile for 5 keV antimony. This technique has required the 
development of a reproducible oxidation process with nanometre resolution for removing 
material in order to facilitate the differential Hall measurements. The junction depth of 
22nm corresponds to the SIMS atomic profile for a single implant. So no measurable 
diffusion of the antimony occurred below 800°C, where optimum electrical results were 
obtained. However, the electrical and atomic profiles for double implants disagree after 
annealing and thus there is some uncertainty about the position of the measured electrical 
junction.
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5.5 2keV Sb+ at a dose o f 1 xlO15 cm 2
5.5.1 Electrical characterisation 
al Sheet measurements
The wafers were annealed at temperatures between 600°C and 1100°C for 10s in an
inert nitrogen ambient and the results are shown in tables 5.11 and 5.12.
Table 5.11: Sheet electrical data o f 2keV Sb, lxlO 15 cm'2 in silicon as a function o f annealing temperature pertaining to 
the data in figure 5.20.
Annealing
Temperature
(°C)
Sheet
resistance
( S l i d )
Repeated 
Uncertainty 
for sheet 
resistance 
(%)
Mobility
(emVV-s)
Sheet carrier 
concentration 
(cm'2)
SIMS dose 
xlOM/cm2
Activation
(Ns/retained
dose)
(%)
Repeated 
Uncertainty 
for electrical 
activation 
(%)
600 1050 (±3.1) 60 9 .9xl013 8.27 10 = >  (12 )* (±2.8)
700 964 (±3.0) 62 lxlO 14 — 10 (±3.0)
800 1164 (±2.7) 69 7.8xl013 8.20 8 =» (12 )* (±2.9)
900 1465 (±2.7) 92 4.7xl013 . . . 5 (±2.6)
1000 1340 (±2.9) 96 4 .8xl013 . . . 5 (±2.6)
1100 1404 (±2.9) 105 4 .2x l013 . . . 4 (±2.7)
Table 5.12: Sheet electrical data of 2 keV Sb, lx l0 15cm"2 + 30 keV Sb, 2x 10l3cm'2 (double implants) in silicon as a 
function of annealing temperature pertaining to the data in figure 5.22. Annealing time is 10s. Also, note (-)* refers to 
activation calculated from SIMS data.
Annealing
Temperature
(°C)
Sheet
resistance
(ft/n)
Repeated 
Uncertainty 
for sheet 
resistance 
<%)
Mobility
(cm2/V-s)
Sheet carrier 
concentration 
(cm'2)
SIMS
dose
x l0 14/cm2
Activation
(Ns/retained
dose)
(%)
Repeated 
Uncertainty 
for electrical 
activation 
(%)
600 1128 (±2.7) 71 7.7xl013 5.05 7.5 => (15 )* (±2.7)
700 884 (±2.7) 88 8 x l0 13 5.03 8 =>(16)* (±2.6)
800 924 (±2.8) 100 6.7xl013 . . . 6.5 (±2.6)
900 914 (±2.9) 126 5.4xl013 . . . 5 (±2.6)
1000 817 (±2.7) 127 6 x l0 13 . . . 6 (±2.7)
1100 794 (±2.8) 124 6.3xl013 . . . 6 (±2.6)
The electrical activation and sheet resistance measured as a function of the annealing
temperature is shown in figure 5.20. The maximum electrical activation (10%) is observed 
after annealing at 600°C and 700°C and a decrease, down to 4%, is found for an annealing 
temperature of 1100°C (see table 5.11). The sheet resistance of the layer increases with 
increasing annealing temperature above 700°C and becomes a maximum at 900°C. The 
highest electrical activity (10%) and the lowest sheet resistance value (960 Q/a) are found 
for material annealed at 700°C. We have measured the time dependence of the sheet 
electrical parameters at 600°C and find that the values remain at about 10% electrical . 
activity, 1050 £2/o for the sheet resistance and about 60 cm2/Vs for the sheet mobility for 
times ranging from 10 seconds to 60 minutes is shown in figure 5.21. Thus longer 
annealing times at 600°C do not improve the electrical characteristics of the layers.
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The electrical activation and sheet resistance measured as a function of the annealing 
temperature for the double energy 2 keV and 30 keV antimony implants is shown in figure 
5.22. We observe a decrease in the electrical activation from 8% to 6% and a decrease in 
the sheet resistance from 1128 to 794 D/d with increasing annealing temperature from. 
600°C to 1100°C. Also, the sheet mobility increases from about 70 cm2/Vs following the 
600°C anneal to 120 cm2/Vs at 1100°C (Table 5.12). This improvement in mobility is 
associated with a decrease in carrier concentration and the complete removal of defects as a 
result of the higher temperature anneals.
Tables 5.11 and 5.12 show the retained dose measured by both SIMS and DHM. 
From Hall measurements, a decrease in active dose is obseived with increasing annealing 
temperature from 600°C to 1100°C. However, it is unclear why the double implants 
retained dose for double implants is so low compared with the single implant. We have 
observed that the single implant has a dose error. That is, 1015 cm"2 is the nominal dose, but 
the actual retained dose is 8.3xl014 cm'2. Thus the double implants have lost about 3xl0 14 
Sb cm'2 during processing (see also figure 5.27). We suspect that the most likely cause for 
this loss of antimony is during the removal of the native oxide as a result of the surface 
cleaning process [as described in section 4.1].
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Figure 5.20: Electrical activation and sheet resistance as a function o f annealing temperature for 2 keV Sb. 
The annealing time was 10s.
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Figure 5.21: Electrical activation and sheet resistance as a function of annealing time for 2 keV, lxlO 15 
Sb+ cm'2. The annealing temperature was 600°C.
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Figure 5.22: Electrical activation and sheet resistance as a function o f annealing temperature for 2 keV Sb, 
lxlO l5cm’2 + 30 keV Sb, 2* 10l3cm‘2 (double implants).
b) Differential Hall Effect (DHE) carrier concentration profiles and 
Secondary Ion Mass Spectroscopy (SIMS) atomic profiles
Samples were implanted with Sb+ using an energy of 2 keV, lx l0 l5cm"2 (single
implant), 2 keV Sb + 30 keV Sb, 2xlOl3cm ‘ (double implants). The samples were 
annealed at temperatures ranging from 600°C-l 100°C for a time of 10s. Differential Hall 
Effect (DHE) profiling was done and electrical activation was obtained (see table 5.12) for 
double implants. The TRIM simulation for double implants on 2 keV samples is shown in 
figure 5.23 [as discussed for the 5 keV in section 5.4.2],
Figure 5.24 shows four carrier concentration profiles after annealing at 600°C for 10s. 
These single (2keV) implants can be profiled to a depth just beyond the peak carrier 
concentration of about 1020 cm'3 and no further because of the proximity of the depletion 
region of the n+p junction, as explained for the 5 keV data (section 5.4.2). The figure 5.24 
shows the repeatability of the profiling that is possible using the newly developed DHE 
etching process. The figure 5.25 also includes a SIMS determination of the atomic profile 
which is very similar to the as implanted SIMS profile (figure 5.26) with some small 
changes near the peak and some evidence of diffusion towards the surface. In contrast, to 
the results of figure 5.24, the data in figure 5.25 shows that it is possible to measure deeper
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profiles after anneals at 900°C and above, because of diffusional broadening. Thus junction 
depths after annealing at 1000°C and 1100°C, defined as the depth where the carrier 
concentration falls to 1018 cm'3, are extended to about twice the depth (35-40nm) of the 
SIMS atomic profile. We have observed similar profile broadening and a reduction in peak 
carrier concentration for 40keV implants of 4xl014 cm'2 of antimony [as described in 
section 5.2]. So far we have assumed that the measurement current is uniformly distributed 
throughout the layer. In reality, very little current will flow near the surface of the sample 
because of the presence of a depletion region caused by band bending at the surface. The 
extent of this region will increase with decreasing carrier concentration. Typical depths are 
3 to 30 nm for carrier concentrations of 1020 to 1018 cm'3 respectively. The etch step size 
should therefore be chosen to be larger than the depletion depth. In addition, junction 
isolated samples have a depleted region at the junction. Junction depletion does not affect 
the results around the peak of an implant profile but could introduce errors in the lower part 
of the tail. Its most obvious effect is to reduce the extent of the depth profile to a region 
smaller than the metallurgical junction depth. Calculations to correct the bulk 
measurements for the depletion effect have been demonstrated but to calculate the true 
depletion-corrected values from the profile data is a complex task which is not easily done. 
When the surface depletion effect is taken into account, we believe that the carrier profiles 
(figures 5.18 and 5.28) will agree with the atomic profiles. For single implant (figures 
5.24), it is thought that the zero bias correction will be small as the carriers concentrations 
are high (>1019 cm'3).
1022
■(TRIM) As Implanted 2 keV-1*10’5/cm’ Sb* 
•(TRIM) As implanted 30 keV-2*10,J/cm’ Sb*
2keV-1 x101i/cm 2 Sb* 
+ 30keV-2x101l/cm 2 Sb* 
=> (Double implants)
20 30
Depth (nm)
Figure 5.23: TRIM simulation for double implants on 2 keV and the deeper implant (30keV).
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Figure 5.24: Carrier concentration profiles o f four different samples for 2keV Sb+ at a dose o f lxlO 15 
cm'2 annealed at 600°C for 10s. The Sb atomic depth profile after annealing at 600°C for 10s is also 
plotted.
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Figure 5.25: Carrier concentration profiles using DHM for 2 keV at a dose o f lxlO 15 Sb+ cm" after 
annealing for 10s at 800°C, 900°C, 1000°C and 1100°C. A SIMS atomic profile is shown for as- 
implanted material.
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Figure 5.26: SIMS profiles for 2 keV, lxlO 15 Sb+ cm'2. SIMS atomic profiles are identical for as 
implanted, 600°C and 800°C. The annealing time was 10s.
The SIMS atomic profiles have been measured for the double implant (2 keV + 30 
keV) for the as implanted material and this is similar to those measured after annealing at 
600°C and 700°C (figure 5.27). However, there is evidence of diffusion towards the surface 
and a lowering of the peak concentration after annealing, (see section 5.51).
As with the 5keV data, in order to produce the shallowest junctions it is necessary to 
anneal at temperatures of 800°C and below. However it has not been possible to measure 
the whole carrier concentration profile with the DHE technique in order to determine the 
junction depth. Figure 5.28 showing the atomic and carrier concentration profiles illustrates 
that as planned, the double implant (2keV + 30keV) allows the profile to be measured 
beyond the tail of the 2keV implant. Thus the measured electrical profiles for the double 
implant extend deep within the material following an anneal at 600°C and enable the 
junction depth to be determined.
The carrier profiles (figure 5.28) follow the atomic profile quite closely in the tail 
region down to the minimum in the double implant profile. The deeper, 30 keV antimony 
implant has not apparently become fully activated, but has produced carrier concentrations 
in the range up to lxlO18 cm'3. Thus we can conclude that thejunction depth, defined here
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as the depth at which the carrier concentration falls to 1018 cm'3, is 17 +/-lnm, which 
agrees with the atomic profiles of figure 5.26 (single implant), but this does not agree with 
double implant profiles of figures 5.28 and 5.29 where the junction depth is 37 +/-lnm [as 
discussed in section 5.4.2 (on page.82)]. It is also apparent from figure 5.28 and 5.29 (and 
figure 5.24) that there is no significant diffusion of the double implants following the 
anneal at 600°C and 800°C for 10s, i.e. the SIMS atomic profiles are identical.
It is noted that the peak atomic concentration of the double implant is lower than that 
of the single implant (figure 5.28) which is consistent with the measured retained dose 
(Table 5.12). .
Figure 5.29 shows two electrical profiles of double implanted material annealed at 
800°C showing that the peak carrier concentration has apparently increased compared to 
the single implant (figure 5.24). For this annealing temperature (800°C) the peak carrier 
concentration is similar to that of figure 5.28 within experimental error. The profiles of 
figure 5.29 also show that the junction depth is about 17nm, the same as the values 
obtained at 600°C as seen in figure 5.28. Thus we have four carrier profiles and four atomic 
profiles (figures 5.28 and 5.29) all indicating that thejunction depth is 17nm. However, the 
SIMS data of double implants of figure 5.29 show thejunction depth is 37 +/-lnm, (section 
5.4.2).
Sheet mobility values have been recorded for annealing temperatures up to 1100°C 
and show that the magnitude increases from 60cm2/Vs at 600°C to about 100cm2/Vs at 
1100°C (see table 5.11) for single implant and also, the sheet mobility value increasing 
with increasing annealing temperature from 70cm2/Vs at 600°C to about 120cm2/Vs at 
1100°C (see table 5.12) for double implants (figure 5.30). The reason for this increase in 
mobility is mostly due to the decrease in earner concentration with increasing annealing 
temperature. However, it is also likely that residual defects present after low temperature 
anneals will be removed during higher temperature treatment and hence will allow the 
mobility to increase [see section 5.8].
The comparison between SIMS double implants profile and TRIM simulation for 
double implants on 2keV samples is shown in figure 5.31. The as-implanted TRIM 
simulation and the as-implanted SIMS profiles do not match. However, the measured peaks 
in the atomic profile are shallower by 2-5 nm than the simulation and the peak values do 
not agree [as discussed for the 5 keV in section 5.4.2].
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5.5.2 Peak carrier concentration
During the past antimony was used as an n-type dopant because of its low diffusion
coefficient and as a result of the fact that antimony diffuses in silicon via vacancies. 
Because of antimony has a low solid solubility (7xl019 cm'3), the industry is currently 
using arsenic. However, it is possible to obtain very shallow junctions for implanted 
antimony in silicon with an activation that exceeds 80% for samples with a peak 
concentration of lxlO20 cm'3, well beyond the solid solubility, [see section 5.10]. Our data 
agrees with published data and a peak carrier concentration of 2x1020 cm'3 is obtained. This 
high peak concentration is most probably linked to the low diffusivity of antimony at low 
temperature. Hence, the practical solubility limit seems to be much higher than the thermal 
equilibrium limit.
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RTA-1 Os  (SIMS) As-implanted
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 (SIMS) T=700°C
2 keV- 1x1015/cm2 Sb+ 
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=> (double implants)
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Figure 5.27: SIMS profiles for 2keV Sb+ at dose of lxlO 15 cm'2 and 30keV Sb+ at dose of 2 x l0 13 cm'2. 
SIMS atomic profiles are identical for as implanted, 600°C and 700°C. The annealing time was 10s.
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Figure 5.28: Carrier concentration profiles for double implants 2keV Sb+ at dose o f lxlO '5 cm'2 and 30keV Sb* at 
dose o f 2 x l0 13 cm'2 after annealing for 10s at 600°C. A SIMS atomic profile is shown for the 600°C anneal. The 
annealing temperature was 600°C for 10s. Xj denotes thejunction depth of about 17nm.
RTA-800 C-10s   (SIMS)
2 keV Sb*-1x1015 cm'2 
+ 30 keV Sb*-2x1013 cm 2 
=> (double implants)
•  (Hall #1)
■ (Hall #2)
20 30
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Figure 5.29: Carrier concentration profiles for double implants 2keV Sb* at a dose of lx  1015 cm'2 and 30keV Sb* at a 
dose o f 2xlOn cm'2. A SIMS atomic profile is also shown for comparison for as-implanted material. All measurements 
were performed after annealing at 800°C for 10s. Both the carrier and atomic profiles show that thejunction depth is 
about 17nm.
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Figure 5.30: Sheet carrier concentration and sheet mobility vs annealing temperature for a single implant 
of 2 keV Sb, lxlO l5cm'2 + 30 keV Sb, 2x 10l3cm'2 (double implants). The annealing time was 10s.
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Figure 5.31: TRIM and SIMS plotted for double implants on 2 keV and the deeper implant (30keV).
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5.5.3 Summary
For 2 keV antimony implants we showed that the sheet resistance was about 1000 
Q/d and the electrical activation about 10% after annealing in the range 600°C to 700°C. 
Almost no change in the sheet resistance and electrical activation is observed for samples 
which are annealed at 600°C for times between 10s and 60mins. The sheet mobility 
increases with increasing annealing temperature from 600°C to 1100°C due to a 
combination of lower earner concentrations and reduced damage at the higher annealing 
temperatures. We have found that no measurable diffusion of antimony occurs for 
annealing temperatures of 800°C and below. In contrast, high temperature anneals (900°C 
and above) produce significant broadening of the electrical profiles. A minimum junction 
depth of about 17nm has been measured independent of annealing temperature up to 
800°C. However, for 2 keV antimony implants the use of another higher energy (30 keV) 
implant enables the measurement of the complete electrical profile down to the 1018 cm'3 
level, although the peak carrier concentration may have been lowered as a result of this 
second implant.
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5.6 Dose dependence for 5 keV and 2keV antimony implants
5.6.1 Dose effect on electrical characteristics (5 keV Sb) 
al Sheet measurements
The samples were annealed at temperatures ranging from 600°C-1100°C for 10s and
the results are shown in table 5.13.
Table 5.13: Sheet electrical data o f 5 keV Sb with doses o f 5 x l0 14 cm'2 and lxlO 15 cm'2 in silicon as a function of 
annealing temperature pertaining to the data in figures 5.32 and 5.33.
Dose
(ion/cm2)
Annealing
Temperature
(°C)
Sheet
resistance
(fl/n)
Repeated 
Uncertainty 
for sheet 
resistance 
• r. •
Mobility
(cnf/V-s)
Sheet carrier 
concentration 
(cm'2)
Electrical
Activation
%
Repeated 
Uncertainty 
for electrical 
activation 
(%)
5x l0 14 600 431 (1:3.2, 49 3 x l0 14 60 (±2.8)
5x l0 14 700 401 (±2.7) 49 3 .2xl014 64 (±2.5)
5 x l0 14 800 414 (±3.6) 53 2 .9xl014 58 (±3.1)
5 x l0 14 900 500 ! 9 ' 73 1.7xl014 34 (±2.8)
5 x l0 14 1000 499 (±2.9) 71 1.8xl014 36 J ± 2 .8 )
5x l014 1050 621 (±2.9) 96 lx lO 14 20 (±2.6)
5x l0 14 1100 769 (±2.9) 100 8 x l0 13 16 (±2.7)
lxlO 15 600 485 (±2.8) 45 2.9xl014 29 (±2.9)
lxlO 15 700 393 (±2.9) 47 3.4xl014 34 (±2.6)
lxlO 15 800 412 (±2.8) 49 3 x l0 14 30 (±2.6)
lxlO 15 900 515 (±2.8) 68 1.8xl014 18 (±2 .7)
lxlO 15 1000 636 (±3.2) 84 1.2xl014 12 (±2.9)
lxlO'5 1050 592 (±2.7) 93 l.lx lO 14 11 (±2.8).
lxlO 15 1100 770 (±2.7) 113 7 .3xl013 7 (±2.6)
The electrical activation and sheet resistivity measured as a function of the annealing
temperature are shown in figures 5.32 and 5.33. It is clear that, for the range of annealing 
conditions investigated, percentage of electrical activation decreases with increasing 
annealing temperature and the sheet resistance of the layer increases with increasing 
annealing temperature. However, for 5 keV Sb+ implants at dose of 5xl014 Sb+cm'2, the 
highest electrical activity (-60%) is obtained at the lowest annealing temperature of 600°C 
for annealing time of 10s. The lowest sheet resistance values (401 Q/a) however, are found 
to occur at 700°C. For 5 keV Sb+ implants at dose of lxlO15 Sb+cm'2, the highest electrical 
activity (-30%) is obtained at the lowest annealing temperatures of 600°C-800°C using an 
annealing time of 10s. The lowest sheet resistance value (393 £!/□) however, occurs at 
700°C.
Formation of shallower junctions can be achieved by reducing the ion energy. 
However, improvement in sheet resistance (Rs) is also important during scaling of the n- 
doped junction. The RTA method is an effective way of improving the sheet resistance
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[79]. We observe a decrease in the electrical activation and increase in the sheet resistance 
with increasing annealing temperature from 600°C to 1100°C for 5 keV implants (table 
5.13). The electrical activation tends to decrease when a higher thermal budget is used. 
Also, it is found that the mobility values depend on the annealing temperature, with the 
lowest mobilities at 600°C. Thus increasing the temperature removes defects and improves 
the crystallinity of the lattice. As for electrical activity, it tends to decrease with the 
increase of annealing temperature. This is because the antimony atoms, at the higher 
temperatures (>900°C), tend to cluster and/or precipitate together [see section 5.10]. Thus 
they are unavailable for electrical activation. During annealing two mechanisms compete: 
the first one is the re-growth of the damaged layer with the inclusion of the dopant atoms in 
lattice sites available for electrical conduction; the second is the diffusion of the dopant that 
tends to nucleate to form inactive precipitates. With increasing thermal energy the second 
mechanism starts to dominate over the first one.
Annealing temperature (°C)
Figure 5.32: Electrical activation versus anneal temperature for a single implant o f 5 keV with doses 
ranging from 5x l0 14 ions/cm2 to lxlO 15 ions/cm2.
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Figure 5.33: Sheet resistance versus anneal temperature for a single implant o f 5 keV with doses ranging 
from 5 x l0 14ions/cm2 to lxlO 15 ions/cm2.
b) DHM electrical profiles and SIMS atomic profiles
Samples were implanted with antimony with doses ranging from lxlO14 ions/cm2 to
lxlO15 ions/cm2, and the samples were analysed using SIMS (figure 5.34). This figure 
shows that the peak concentration tends to move towards the surface with increasing dose 
(compare figure 5.41).
Figures 5.35 and 5.36 compare the atomic profiles with two carrier concentration 
profiles after annealing the single energy (5 keV with doses ranging from 5xl014 ions/cm2 
to lxlO15 ions/cm2) implanted material at 600°C and 800°C for 10 seconds. The 
corresponding carrier concentration profiles in each figure are identical within 
experimental error. Thus there is no advantage in implanting a dose above 5xl014 ions/cm2 
for these implant and annealing conditions. It is also clear that the peak carrier 
concentration decreases with increasing annealing temperature, that is, the peak value is 4- 
5xl02Ocm'3 at 600°C and about 3xl02Ocm'3 at 800°C.
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Figure 5.34: Depth profiles of Sb versus implantation doses for a single implant o f 5 keV with doses 
ranging from lxlO14ions/cm2 to lxlO 15 ions/cm2.
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Figure 5.35: Carrier concentration profiles for 5 keV with doses ranging from 5 x l0 l4 ions/cm‘ to lxlO 15 
ions/cm2. SIMS atomic profiles are also shown. Samples were annealed at 600°C.
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Figure 5.36: Carrier concentration profiles for 5 keV with doses ranging from 5xlOu ions/cm2 to lxlO 15 
ions/cm2. SIMS atomic profiles are also shown. Samples were annealed at 800°C.
5.6.2 Dose effect on electrical characteristics (2 keV Sb)
a) Sheet measurements
The samples were annealed at temperature ranging from 600°C-800°C for time of 10s
and the results are shown in table 5.14.
Table 5.14: Sheet electrical data of 2keV Sb with doses from lxlO 14 cm'2 to lxlO 15 cm'2 in silicon as a function of 
annealing temperature pertaining to the data in figures 5.37, 5.38, 5.39 and 5.40.
Dose
(ion/cm2)
Annealing
Temperature
(°c>
Sheet
resistance
(Ota)
Repeated 
Uncertainty 
for sheet 
resistance
Mobility
(cm!/V-s)
Sheet carrier 
concentration
(cm 1)
Electrical
Activation
%
Repeated 
Uncertainty 
for electrical 
activation 
(%)
lx l0 u 600 2470 s 93 2.7xl013 27 ,±2.6,
lxlO 14 700 2305 - 95 2.9xl013 29 (±2-7)
lxlO14 800 2224 101 2.8xlOl4 28 (±2.8.)
2 x l0 14 600 1247 68 7.4xl013 37 (t2.6)
2 x l0 14 700 1153 (±3.2) 71 7.6xl013 38 (±2.9)
2 x l0 14 800 1300 , ' ■ 85 5.7xl013 29 (±2.8)
4 x l0 14 600 851 (±2.9) 55 1.3xl014 33 (±2.9)
4 x l0 14 700 867 (±2.7) 62 1.2xl014 30
4 x l0 14 800 1058 (±2.7) 78 7 .6xl013 19
lxlO 15 600 1050 60 9.9xl013 10
lxlO 15 700 964 ■ ' ■ ' 62 lxlO 14 10 (±2.6)
lxlO 15 800 1164 L  ■ ' . 69 7.8xl013 8 ,±2.6)
RTA-800 C-10s ■ (SIMS)-1x1015/cm2
■ (SIMS)-5x1014/cm2 
(Hall)-1x101s/cm2
a (Hall)-5x1014/cm2
5 keV Sb doses 
=> Single implant
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The highest electrical activity (-33%) and the lowest sheet resistance (-850 fl/a) is 
obtained for a dose of 4xl014 ions/cm2 at the lowest temperature of, 600°C. These results 
are shown in figure 5.37 and 5.38. However, the sheet carrier concentration tends to 
decrease with increasing annealing temperature for two doses. For the lx l0 14/cm2 dose the 
decrease in sheet resistance with increasing annealing temperature is probably due mostly 
to an increase in the Hall mobility. If we consider the results shown in figure 5.38, it is 
apparent that the lxlO14 ions/cm2 sample behaves differently than the other higher dose 
samples. For this sample, the sheet resistance is shown to decrease with increasing anneal 
temperature whereas, the higher dose samples either remain the same or increase with 
increasing anneal temperature. The reason for this difference is thought to be due to the 
increased atomic concentration leading to a higher probability of precipitation such that at 
the higher doses, a significant decrease in electrical activity occurs at 800°C compared with 
values at 600°C and 700°C. Each data point in figures 5.37 and 5.38 are the mean of at least 
five measurements on different samples. So the data is repeatable and the observed trends 
with annealing temperature are believed to be correct even when errors are taken into 
consideration.
Figure 5.39 shows that a minimum sheet resistance occurs at a dose of 4xl014 
ions/cm2 Sb for the 600°C anneal. A similar minimum occurs for both the other 
temperatures (700°C and 800°C). The sheet carrier concentration increases and the electron 
mobility decreases with dose for all three annealing temperatures and the data for 600°C 
anneals is shown in figure 5.40.
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Figure 5.37: Electrical activation versus anneal for a single implant of 2 keV with doses ranging from 
lxlO 14 ions/cm2 to lxlO 15 ions/cm2. Annealed time was 10s.
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Figure 5.38: Sheet resistance vs anneal temperature for a single implant of 2 keV with doses ranging 
from lx 10l4 ions/cm2 to lx  10ls ions/cm2. Anneal time was 10s.
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Ion Dose (cm 2)
Figure 5.39: Sheet resistance vs ion dose for a single implant o f 2 keV with doses ranging from lxlO14
ions/cm2 to l x i o '5 ions/cm2.
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Figure 5.40: Sheet carrier concentration and sheet mobility vs ion dose for a single implant of 2 keV 
with doses ranging from lxlO 14 ions/cm2 to lxlO15 ions/cm2.
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b) SIMS atomic profiles
Figure 5.41 is a set of atomic profiles for 2 keV antimony as a function of ion dose
and junction depths are shown on the figure. All the samples were as implanted, and the 
results are shown in table 5.15.
Table 5.15: Peak atomic concentrations, retained dose and junction depth (Xj) o f 2keV Sb in silicon 
determine from SIMS atomic profiles (figure 5.41).
Implanted Dose 
(ion/cm2)
Retained dose
i t m j
Peak atomic 
concentration (cmJ )
Junction depth (Xj) 
(nm)
lxlO 14 1.16xl014 2x l020 13.5
2 x l0 14 2 .3xl014 1.6xl020 14.7
4 x l0 14 4 x l0 14 8 x l0 19 16.4
lxlO 15 8.8xl014 6 x l0 19 17
The junction depth (Xj) for as-implanted material as a function of dose is plotted in 
figure 5.42. We observe an increase in thejunction depth from 13.5nm to 17nm (assuming 
an Xj at 1018 cm'3) with dose from lxlO14 ions/cm2 to lxlO15 ions/cm2 (figure 5.42). Thus 
thejunction depth can be controlled by varying the antimony dose. There is some evidence 
that the peak atomic concentration moves towards the surface with decrease in antimony 
dose.
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Figure 5.41: Depth profiles of Sb versus implantation doses for a single implant of 2 keV with doses 
ranging from lxlO 14 ions/cm2 to lxlO 15 ions/cm2.
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Figure 5.42: Junction depth (Xj) from SIMS data (figure 5.41) is plotted as a function of ion dose for a 
single implant o f 2 keV (all samples are as-implanted).
Cl Rutherford backscatterine (RBS) versus Secondary Ion Mass 
Spectroscopy (SIMS):
The samples were annealed at temperatures ranging from 600°C-900°C for a time of
10s. Samples were analysed using Rutherford backscattering spectrometry and Secondary 
Ion Mass Spectroscopy to measure the retained dose (Table 5.16).
Table 5.16: Retained dose from RBS, SIMS and Hall effect for 2keV antimony for a nominal dose of lxlO15 
ions/cm2 as a function of annealing temperature. Also, note (-)* refer to activation calculated from SIMS data. 
Annealed time was 10s.
Annealing
temperature
(°C)
RBS Dose
(cm'2)
SIMS Dose 
(cm'2)
Sheet carrier 
concentration 
1 _
Activation 
(Ns/Retained 
Dose) (%)
600 8.1xl014 8.27xl014 9.9xl013 12 =>(12*)
700 8.2xl014 — lxlO 14 12
800 8.1xl014 8.2xl014 7 .8xl013 9.6 =>(9.5*)
900 7.9xl014 — 4.7xl013 6
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Both measurements show quite similar retained dose values for each annealing 
temperatures. From Hall measurement, a decrease in active dose is observed with 
increasing annealing temperatures, from 600°C to 900°C (table 5.16). Thus a 50% 
deactivation of carriers occurs by increasing temperature to 900°C. Figure 5.43 shows RBS 
random and channelled spectra after annealing at 600°C. The total antimony dose is 
obtained from the random spectrum. Also, the analysis of the spectra using the WinDF 
software [71] allows the determination of the atomic profile of the species (figure 5.44). 
Similar sets of data are obtained for anneals at 700°C, 800°C and 900°C but are not shown 
here.
Single implant
Figure 5.43: Antimony Random and channelled (log scale) RBS Spectrum indicating the effect o f 600°C for 10s 
annealing of lxlO15 Sb+ cm'2 at 2 keV implanted into Si.
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Figure 5.44: Antimony Random (normalized) RBS profiles indicating the effect o f 600°C to 900°C for 10s 
annealing of lx  1015 Sb+ cm'2 at 2 keV. Total dose measurement of Sb is equal to the area under each curve (see 
table 5.16).
5.6.3 Summary
The main aim of the study is focused on providing low thermal budget to the existing 
ultrashallow junction technology. Samples annealed at 700°C show low sheet resistance for 
both 2keV and 5keV antimony implantation for doses varying from lxlO14 to 5xl014 cm'2. 
Annealing temperatures should not exceed 800°C in order to avoid deterioration of the 
sheet resistance and broadening of the atomic profiles.
The retained dose measured by SIMS and RBS is equal for different annealing 
temperatures. A decrease in active dose is observed with increasing annealing 
temperatures, where the activity falls from about 12% to about 6%.
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5.7  Energy dependence: from 40keV to 2 keV with a dose o f the 
order o f1*10 cm' )
5.7.1 Introduction
A brief summary of the characterised samples with preliminary electrical
measurements of sheet carrier concentration, sheet resistance and Hall mobility is shown in 
table 5.17 below. Samples were implanted with antimony at different energies, namely, 40 
keV, 12 keV, 5 keV and 2 keV with dose about 1015cm'2. The samples were annealed at 
600°C and 650°C for times between 10s and 60mins. Also, the samples were annealed at 
temperatures between 600°C and 1100°C for 10s (see table 5.18).
Table 5.17: Sheet electrical data with antimony at different energies ranging from 40keV to 2 keV and a 
dose o f lxlO 15 ions/cm2 in silicon as a function of annealing time pertaining to the data in figures 5.45 
and 5.46.
Energy
(keV)
Dose
(ion/cm2)
Annealing
Temperature/ti
me
(°C/mins or s)
Sheet
resistance
(il/n )
Mobility
(cm2/V-s)
Sheet carrier 
concentration 
(cm'2)
Electrical
Activation
%
40 8.2xl014 650/30s 134 54 8 x l0 14 97
40 8.2xl014 650/10mins 133 55 8x l0 14 97
40 8.2xl014 650/15mins 136 57 8x l0 14 97
40 8.2xl014 650/30mins 132 61 7 .7xl014 94
40 8.2xl014 650/60mins 132 61 7 .7xl014 94
12 8.5xl014 650/30S 279 33 6 .9xl014 81
12 8.5xl0'4 650/10mins 226 43 6 .5xl014 76
12 8.5xl014 650/15mins 230 50 5.4xl014 64
12 8.5xl014 650/30mins 226 52 5.3xl014 62
12 8.5xl014 650/60mins 227 50 5.5xl014 65
5 lxlO 15 600/10s 485 45 2 .9x l014 29
5 lxlO15 600/10mins 437 50 2 .8xl014 28
5 lxlO 15 600/15mins 419 50 3 x l0 14 30
5 lxlO 15 600/30mins 419 49 3 x l0 14 30
5
u->©y—
*
X 600/60mins 432 49 3 x l0 14 30
2 lxlO15 600/10s 1050 60 9.9xl013 10
2 lxlO 15 600/1Omins 1055 61 9.7xl013 10
2 lxlO15 600/15mins 1062 60 9 .8xl013 10
2 lxlO 15 600/30mins 1045 68 8.8xl013 9
2
*©X 1 —• 600/60mins 1065 70 8.4xl013 8
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Table 5.18: Sheet electrical data with antimony at different energies ranging from 12keV to 2 keV and 
a dose is about o f lxlO15 ions/cm2 in silicon as a function of annealing temperature pertaining to the 
data in figures 5.47 and 5.48.
Energy
(keV)
Dose
(ion/cm2)
Annealing
Temperature
(°C)
Sheet
resistance
(il/p )
Mobility
(cm2/V-s)
Sheet carrier 
concentration 
(cm 2)
Electrical
Activation
%
12 8.5xl014 700 221 48 5.9xl014 69
12 8.5xl014 850 263 61 3 .9xl014 46
12 8.5xl014 900 286 67 3 .3xl014 39
12 8.5xl014 1000 352 89 2 x l0 14 24
12 8.5xl014 1100 440 92 1.6xl014 19
5 lxlO 15 600 485 45 2 .9xl014 29
5 lxlO 15 700 393 47 3.4xl014 34
5 lxlO15 800 412 49 3 x l0 14 30
5 lxlO15 900 515 68 1.8xl014 18
5 lxlO 15 1000 636 84 1.2xl014 12
5 lxlO15 1100 770 113 7.3xl013 7
2
'oT—<X 600 1050 60 9 .9xl013 10
2 lxlO15 700 964 62 lxlO 14 10
2 lxlO15 800 1164 69 7 .8xl013 8
2 lxlO 15 900 1465 92 4 .7xl013 5
2 lxlO15 1000 1340 96 4 .8xl013 5
- 2 lxlO15 1100 1404 105 4 .2x l013 4
a) Sheet measurements
In figures 5.45 and 5.46, a decrease in the ion energy from 40keV to 2 keV results in
a decrease in the electrical activation from 90% to 10%. No improvement in the electrical 
activation and sheet resistance is observed for energies from 40keV to 2 keV for longer 
annealing times (>10mins). However, similar values are obtained at 600°C and 650°C by 
increasing the annealing times from 10s to 60 mins [see section 5.3].
The electrical activation and sheet resistivity measured as a function of the annealing 
temperatures for the 2 keV, 5 keV and 12 keV antimony implantation at dose of about 
lxlO15 cm'2 is shown in figures 5.47 and 5.48. It is clear that, for the range of annealing 
conditions investigated, the sheet resistance of the layer increases with increasing annealing 
temperature and the percentage electrical activation decreases with increasing annealing 
temperature (table 5.18). Formation of shallower junctions can be achieved by reducing the 
ion energy. However, low sheet resistance (Rs) is important to allow scaling of the n-doped 
junction (see section 2.3 on CMOS application). We observe a decrease in the electrical 
activation and increase in the sheet resistance with increasing annealing temperature from 
600°C to 1100°C for 2 keV, 5 keV and 12 keV implants (table 5.18). The electrical
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activation tends to decrease when higher temperatures are used. Thus low temperature 
processing is advantageous for antimony implants in silicon.
Anneal Time (s)
Figure 5.45: Electrical activation as a function of annealing time form 2 keV to 40 keV implants, which 
are annealed at 600°C and 650°C for times between 10s and 60mins.
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Figure 5.46: Sheet resistance as a function o f annealing time form 2 keV to 40 keV implants, which are 
annealed at 600°C and 650°C for times between 10s and 60mins.
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Anneal Temperature (°C)
Figure 5.47: Electrical activation versus anneal for different energies implant from 12 to 2 keV implants, 
which are annealed at different temperatures 600°C to 1100°C for time 10s.
600 700 800 900 1000 1100
Anneal Temperature (°C)
Figure 5.48: Sheet resistance vs anneal temperature for different energies implant from 12 to 2 keV 
implants, which are annealed at different temperatures 600°C to 1100°C for time 10s.
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b) SIMS and TRIM atomic profiles
Currently, we have found that ultra-shallow junction scaling can be achieved by
lowering the ion energy and reducing the temperature of the thermal annealing cycle. As 
shown in figure 5.49, an increase in the projected range (Rp) and standard deviation (ap) as 
estimated from the TRIM calculation [78] based on antimony layered structure is observed 
with increasing ion energy. For 2, 5, 12 and 40 keV Sb+ at doses of lxlO15 cm'2, the as- 
implanted projected range is respectively 5 nm, 7.5 nm 12.5 nm and 26 nm, and the 
calculated as-implanted maximum atomic concentration is respectively 3.5xl021 cm'3,
1.9xl021 cm'3, 8.4xl020cm'3 and 3.8xl020cm'3. The SIMS profiles for 2 and 5keV Sb+ are 
also shown in figure 5.49 with as-implanted projected range of 4.5nm and 5.5nm 
respectively. The calculated peak concentration for 2 keV and 5 keV implants is 1.7xl021 
cm'3 and 8.5xlO20 cm'3 respectively. However, the measured peaks from the SIMS profile 
are shallower by 2-5 nm than that from TRIM simulation.
Previously we have discussed the differences between SIMS atomic profile and 
TRIM simulation (section 5.4.2). Following those ideas, the differences are most likely to 
be due to diffusional broadening of the atomic profile during implantation (see section 5.2).
Figure 5.50 shows the SIMS atomic profile after annealing for both 2 keV and 5 keV 
implants. For the 5 keV implant, the peak concentration and depths after annealing (9xl020 
cm'3, 5.3nm) are equal to the as implanted values (8.5x1020 cm'3, 5.5nm) within 
experimental error. In the case of the 2 keV implant, the peak values for the annealed and 
as implanted material are very similar, but the depth is shallower after annealing (3.3nm 
compared with 4.5nm).
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Figure 5.49: TRIM profiles for energies ranging from 2keV to 40keV for lx 10l5/cm2 Sb implants in silicon. 
2keV and 5keV SIMS profiles are also plotted.
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Figure 5.50: SIMS profiles for energies ranging from 2keV to 40keV for lx 101 /cm‘ Sb implants in silicon.
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5.7.2 Summary
The results show that antimony is an interesting candidate for n-type ultra-shallow 
junction formation which can be achieved by lowering the ion energy and reducing the 
temperature of the thermal annealing cycle. 5 keV antimony implantation results in lower 
sheet resistance and higher electrical activation after annealing at 600°C. The sheet 
resistance increases with decrease in ion energy. Almost no change in the sheet resistance 
and electrical activation is observed for low energies (2-5 keV) after annealing at 600°C for 
times between 10s and 60mins.
We have found that no diffusion of antimony occurs for annealing temperatures 
below 900°C. Junction depths of about 17nm and 22nm have been achieved using 2 keV 
and 5keV antimony respectively obtained by SIMS.
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5.8 Mobility as a function o f carrier concentration
Figures 5.51, 5.53, 5.55, 5.57 and 5.59 show the 2-5keV antimony depth profiles for 
single and double implants for different doses at various annealing temperatures. Also, 
figures 5.51, 5.53, 5.55, 5.57 and 5.59 show lines representing the mean value for the 
carrier concentration and the mobility. The full curve in figures 5.52, 5.54, 5.56, 5.58 and 
5.60 represent the mobility as a function of carrier concentration for arsenic doped silicon 
deduced experimentally by Arora et al [80]. We have taken the data from figures 5.51, 
5.53, 5.55, 5.57 and 5.59 and plotted the measured carrier concentration and equivalent 
mobility values on figures 5.52, 5.54, 5.56, 5.58 and 5.60. In this way we are able to 
compare our experimental data with results from good quality silicon [80]. Our data fits 
quite well for the 2 keV Sb, lxlOl5cm'2 (single implant), 2 keV Sb, lxlO15 + 30 keV Sb,
1 3 - 2  • •2x10 cm (double implants) antimony implants however the fit is poor for the 5 keV Sb, 
5xlOl4cm"2 (single implant), 5 keV Sb, 5xl014cm’2 + 70 keV Sb, 3xlOucm'2 (double 
implants) data for the lowest carrier densities. It is thought that the reduced mobility 
observed for the low concentration material (at the end of the implant range) could be as a 
result of these carriers being within a region of end of range damage following annealing.
A point worth noting is the high activation observed after annealing at 600°C is 
reduced with increasing anneal temperature. This deactivation is thought to be caused by 
the interstitial silicon flux (that results from the implant), diffusing back towards the 
surface and “kicking out” the antimony. This interstitial diffusion also reduces the end of 
range damage level and this will increase the mobility in the deeper region of the profile. 
Thus is there is better agreement between our experimental data and the results of Arora et 
al [80] (figures 5.52, 5.54, 5.56, 5.58 and 5.60) as the temperature is increased from 600°C 
to 800°C.
If a comparison is made of figures 5.52 and 5.54, it is concluded that the mobility 
values are lower than expected for the double implant annealed at 600°C (figure 5.54) 
whilst the single implant produces a good fit to the Arora’s data (figure 5.52). The reduced 
mobility for the double implant implies that damage or compensating centres have been 
introduced during the additional processing. Also figure 5.56 shows that for the double 
implants annealed at 800°C, there is good agreement, although with some scatter, between 
our measurements and Arora’s data. Thus increasing the annealing temperature tends to
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improve the mobility. A summary of the annealing temperature effects is shown in figures 
5.57 and 5.58. Here we include the best results for 600°C (compare figure 5.54) and 
difference as a function of annealing temperature is less pronounced, but still in evidence. 
That is, on average, the mobility at 800°C is higher than the mobility at 600°C.
Similar data for 5 keV Sb, 5xl014cm"2 + 70 keV Sb, 3 * 10'3cm'2 (double implants) is 
shown in figures 5.59 and 5.60 after annealing at 700°C. It is evident that the mobility 
values are lower than expected when compared with Arora’s data. However, we expected 
mobility values to increase as the temperature increases up to 800°C, although we have not 
carried out measurements to show this.
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Figure 5. 51: Carrier concentration and electron mobility profiles for a single implant of 2 keV at dose of 
lxlO 15 Sb+ cm'2. The annealing temperature was 600°C for 10s. A SIMS atomic profile is also included 
for 2keV single implant annealed at 600°C.
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Figure 5.52: Mobility as a function of carrier concentration with a comparison against Arora et al [80] data 
for 2 keV implants, which are annealed at 600°C for anneal time 10s.
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Figure 5.53: Carrier concentration and electron mobility profiles for a double implant o f 2 keV, lxlO 15 
Sb+ cm-2 and 30keV Sb+ at dose o f 2 x l0 13 cm'2. The annealing temperature was 600°C for 10s. A SIMS 
atomic profile is also included for 2keV single implant and double implants annealed at 600°C.
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Figure 5.54: Mobility as a function o f carrier concentration with a comparison against Arora et al 
[80] data for 2-30 keV implants, which are annealed at 600°C for anneal time 10s.
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Figure 5.55: Carrier concentration and electron mobility profiles for a double implant of 2 keV, lx 10ls 
Sb+ cm'2 and 30keV Sb+ at dose of 2 x l0 13 cm'2. The annealing temperature was 800°C for 10s. A SIMS 
atomic profile is also included for 2keV single implant and double implants annealed at 800°C.
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Figure 5.56: Mobility as a function of carrier concentration with a comparison against Arora et al 
[80] data for 2-30 keV implants, which are annealed at 800°C for anneal time 10s.
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Figure 5.57: Carrier concentration and mobility profiles for double implants of 2 keV, lxlO 15 Sb+ cm'2 and 
30keV Sb+ at dose of 2x1013 cm'2 for anneals at 600, 700 and 800°C for 10s. A SIMS atomic profile is shown for 
sample implanted at 2keV-30keV Sb (not annealed).
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Figure 5.58: Mobility as a function of carrier concentration with a comparison against Arora et al [80] data 
for 2-30 keV implants, which are annealed at 600, 700 and 800°C for anneal time 10s.
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Figure 5.59: Carrier concentration profiles using DHM for 5-70keV Sb+ at doses o f 5xlOl4 cm'2 and 
3 x l0 l3 cm'2 annealed at 700°C for 10s. The Sb depth profile is also plotted.
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Figure 5.60: Mobility as a function o f carrier concentration with a comparison against Arora et al [80] data 
for 5-70 keV implants, which are annealed at 700°C for anneal time 10s.
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5.8.1 Summary
The carrier and mobility profiles show that the mobility improves with increasing 
annealing temperature up to 800°C. Thus increasing the temperature removes defects and 
improves the crystallinity of the lattice. For samples annealed at 800°C, a good fit with the 
data of Arora’s is obtained, indicating that the material is good quality, crystalline silicon.
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5.9 Requirements for future CMOS device fabrication
Figure 5.61 shows a graph of sheet resistance as a function of junction depth for 2 
keV and 5keV implants. Our experimental results of the sheet resistance (Rs) and Junction 
depths (Xj) are plotted on this graph. An increase in junction depth is observed with 
increasing annealing temperature for both implants. Samples annealed at 800°C show low 
sheet resistance for doses varying from 5xl014 to lxlO15 cm'2. Shibahara et al [17] has also 
reported a similar trend for 10 keV Sb implantation into Si for doses varying from 
lxlO14 to 6xl014 cm'2. They have suggested that annealing temperatures should not exceed 
800°C in order to avoid deterioration of the sheet resistance as shown in figure 5.61. From 
NMOS technology requirements of the International Technology Roadmap for 
Semiconductors (ITRS) for the next generation of devices, the ultra shallow junction is 
required to be < 20nm and the gate length of about 28nm, whilst the sheet resistance needs 
to be about 400 CUa [27].
Our results show that we have been successful in obtaining shallow junctions with 
sheet resistances close to be requirements of the ITRS. Particularly, at 5 keV with a dose of 
5xlOl4cm’2 annealed at 600°C. High annealing temperatures (900°C-1100°C) produce large 
junction depths prohibiting such annealing cycles for shallow junction formation.
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Figure 5.61: Xj/R^., trade-off for n-type junctions obtained with RTA. Line boxes indicate ITRS 
requirements for given gate lengths [27].
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5.9.1 Summary
Shallow junction formation in silicon using antimony was investigated aiming at 
applications to sub-lOOnm MOSFET S/D extensions. The results show that antimony is an 
interesting candidate for the next generation of n-type ultra shallow junction formation.
We have found that no diffusion of antimony occurs for annealing temperatures 
below 900°C. In contrast, high temperature anneals (>900°C) produce significant 
broadening of the electrical profiles. Junction depths of about 17 nm and 20nm have been 
achieved using 2 keV and 5keV antimony respectively. The sheet resistance increases with 
decrease in ion energy.
For 5 keV implants at a dose of 5xlOl4cm"2, sheet resistance and junction depths after 
annealing at 600°C-800°C are close to the requirements of the International Technology 
Roadmap for Semiconductors (ITRS) (see figure 5.61). According to the ITRS, the ultra 
shallow junction is required to be < 20nm, the sheet resistance about 400 Q/n and the gate 
length of about 28nm [27].
Based on these low energy (2-5 keV) results, we believe that antimony is a promising 
candidate for future generations of CMOS devices requiring ultra-shallow junctions.
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5.10 Comvarison o f the trends in shallow Junction devices for 
antimony implantation into silicon between our results and those 
from literature review:
Tables 5.19 and 5.20 show a comparison of percentage activation, sheet resistance 
and sheet carrier concentrations of antimony in silicon obtained by some authors who have 
studied similar implants to those presented here.
Table 5.19: Review o f electrical activation and shallow junction formation for antimony in silicon.
Comparing our 
results and those 
front literature 
review
Energy
(keV)
Dose
(ion/cm2)
Anneal temperature 
and time 
(0C/mins or s)
Sheet
resistance
(il/o )
Sheet carrier 
concentration 
(cm’2)
Electrical
activation
(% )
Shannon e t a l  [15] 10 lxlO 14 750/15mins — lxlO 14 100
Our results 12 8.5xl014 650/30S 280 6.86X1014 81
It I t II 650/15min 232 5.44 XlO14 64
Shibahara e t  a l  [17] 10 6 x l0 14 800/10s 260 2 .4x l014 40
II II II 900/10s 320 2 x l0 14 33
Our results 12 8.5xl014 650/30s 279.5 6.86xl014 81
I t I t II 700/30s 219 5.85xl014 69
I t II II 850/3 0s 283.5 3.70x1014 44
II II II 900/3 0s 299 3.07xl014 36
Young e t  a l  [46] II lxlO 15 700/15min 225 4.5x10"* 45
Our results II 8.5xl014 700/30s 219 5.85xl014 69
Uesugi e t  a t  [38] 40 5x l0 14 1000/1Omin — lxlO 14 20
I t I t II 1000/30min — 1.4xl014 28
Sai-Halasz e t  a l  [45] 35 2 x l0 14 550+900/30min 510 1.2xl014 60
I t II 4 x l0 14 950/16min 220 3 x l0 14 75
II II lxlO 15 580/30min 230 7 x l0 14 70
Our results 40 4 x l0 '4 700/10s 180 3.8xl014 95
Collart e t  a l  [50] 5 lxlO 15 600/10s 465 — . . .
! n II II 800/10s 474 — . . .
n It II 900/10s 625 — . . .
n II II 1000/lOs 587 — . . .
n II II 1100/lOs 935 . . . . . .
Our results 5 lxlO 15 600/10s 485 2 .9x l014 29
I t II II 800/10s 412 3 x l0 14 30
II II \ , l 900/10s 539 1.8xl014 18 1
I t II II 1000/lOs 636 1.2xl014 12
II II n 1100/lOs 770 l.lx lO 14 11
Collart e t  a l  [50] 5 lxlO 14 1100/lOs 2025 . . . . . .
Our results 5 lxlO 14 1100/lOs 1701 2 .7x l013 27
Collart e t  a l  [50] 2 lxlO 15 700/10s 860 — . . .
II II I t 900/10s 1134 — — ..
II II II 1050/10s 908 . . . . . .
Our results 2 lxlO 15 700/10s 964 lxlO 14 10
I t \ , f I t 900/10s 1452 4 .7x l013 5
II II II 1050/10s 1255 4 .8x l013 5
129
Antimony implants for ultra-shallow junctions in silicon
Chapter Five: Experimental Results and Discussion
Table 5.20: Review of electrical activation and shallow junction formation for antimony in silicon.
Comparing our results and 
those from literature review
Energy
(keV)
Dose
(ion/cm2)
Anneal 
temperature 
and time 
(°C/mins or s)
Sheet
resistance
(ft/a)
Sheet carrier 
concentration 
(cm"2)
Electrical
activation
(%)
Shibahara e t  a l  [47] 10 lxlO 14 850/10s 1200 — — •
u II lxlO 15 850/10s 1000 — —
Our results 5 5x l0 14 600/10s 431 3.2xl014 64
I t 2 lxlO 15 700/10s 964 lxlO 14 10
Williams e t  a l  [40] 80 3 x l0 14 1000/3min . . . — 100
; It II 3 x l0 16 1000/3min . . . — 22
i Our results 40 4 x l0 14 700/10s 228 3 .6x l014 90
i n II It 1100/lOs 252 2.5x l014 62
A .  Nylandsted-Larsen e t  a l  [22] 80, 2 x l0 15 700/15s . . . — 97
It II 2 x l0 15 900/15s — — 60
II I t lxlO 16 1050/15S — . . . 36
Our results 40 4 x l0 14 700/10s 228 3 .6x l014 90
II II I t 900/10s 187 3 .5xl014 88
II II II 1100/lOs 252 2.5x l014 62
Shibahara e t  a l  [47] 10 lxlO 14 850/30min 1200 . . . . . .
Our results 12 8.5xl014 650/30s 280 6.9X1014 81
Rucker e t  a l  [48] 13 4 x l0 14 980/ls 300 — —
Our results 12 8.5xl014 1000 /30s 352 2 x l0 14 24
Kruger e t a l [  51] 5 4 x l0 14 950/5min 300 . . . . . .
Our results II 5 x l0 14 700/lmin 395 3 x l0 14 60
Murto e t  a l  [19] I t 2.06xl015 900/30s . . . . . . 17.9
Our results I t lxlO 15 900/10s 770 7 .3xl013 18
Suzuki e t  a l  [35] It 5 x l0 14 600/2min 400 . . . • —
Our results II 5x l0 14 600/10s 431 3 x l0 14 •60
Tables 5.19 and 5.20 show, in general, a good agreement between the results of our 
work and published data where it is possible to make comparison. For example, the best 
electrical data is obtained at the lower annealing temperatures [15, 22] and high activation 
(> 80%) is obtained for the lower dose (~1014 ions cm'2) implants [15, 22, 40]. However 
there are some results which do not agree with this and much lower activation has been 
recorded [38, 45]. From tables 5.19 and 5.20, high ion energy results in high electrical 
activation whereas low ion energy (<40keV) results in low electrical activation. Both our 
results and published data show similar trends.
The following paragraphs summarise the main published results as shown in table's 
5.19 and 5.20.
Shannon [15] has reported junction depths of ~25nm with no diffusion of impurities 
after implanting antimony into silicon at a dose and energy of lx  1014 cm'2 and 10 keV 
respectively using an annealing cycle of 750°C for 15min. Almost 100% electrical
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activation has been obtained. Regarding our results, we obtain -64% electrical activation 
and a sheet resistance of -232 Q/a using a dose and energy of 8.5x 1014/cm2 and 12 keV 
respectively after annealing at 650°C for 15min. However, a higher electrical activation 
-81% is obtained after annealing at 650°C for 30s.
Shibahara et al [17] has reported a junction depth of about -30 nm with a sheet 
resistance of 260 £!/□ using a dose and energy of 6x 1014/cm2 and 10 keV respectively after 
annealing at 800°C for 10s. An electrical activation of 40% is obtained. Annealing at higher 
temperature (900°C) leads to a lower electrical activation (33%). We also observe similar 
decrease in the electrical activation and increase in the sheet resistance with increase in 
annealing temperature from 650°C to 1050°C. However, we have obtained much better 
electrical activation -81% after annealing at 650°C for 30s. The sheet resistance is of the 
same order of magnitude as compared to that reported by Shibahara et al. Our samples 
were implanted using a dose and energy of 8.5 x 10l4/cm2 and 12 keY respectively.
Young et al [46] has reported a junction depth of ~12.5nm with a sheet resistance of 
225 Q/o using at a dose and energy of lx lO 15 cm'2 and 12 keV respectively and an 
annealing cycle of 700°C for 15min with close to 45% electrical activation. We have 
measured higher activation (-69%) and a sheet resistance of -219 £!/□ using a dose and 
energy of 8.5 x 1014/cm2 and 12 keV respectively after annealing at 700°C for 30s. Young et 
al also reported an increase in sheet resistance from 180 O/a to 290 S2/o with increasing 
annealing time from 15mins to 5hr. But our results do not agree with those reported by 
Young et al. For 12keV, longer annealing times from 15mins to 60mins at 650°C result in 
no change in the sheet resistance (-230 £!/□). Our low energy implants (2keV and 5keV) 
also show similar electrical behaviour for longer annealing times from 10s to 60mins at 
600°C.
Uesugi et al [38] has used antimony dose and energy of 5 x 1014 cm'2 and 40 keV 
respectively. They have shown that a small increase in electrical activation from 20% to 
28% is obtained for an increase in annealing time from lOmin to 30min. However the 
junction depth is increased from 50nm to 70nm. However, Sai-Halasz et al [45] implanted 
antimony into silicon using an energy of 35 keV at different doses ranging from 2x 1014 
/cm2 to 1 x 1015 /cm2. Higher electrical activation is obtained for higher doses. For a dose of 
1 x 1015 /cm2, an electrical activation of -70% and a junction depth of ~55nm are obtained.
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For antimony dose and energy of 4x 1014 cm'2 and 40 keV respectively, we have obtained 
better electrical activation (~95.5%) after annealing at a lower temperature (700°C for 10s) 
than Uesugi et al [38] and Sai-Halasz et al [45],
E. Collart et al [50] implanted antimony into silicon using an energy of 5 keV at 
different doses ranging from 1 x 1014 /cm2 to 1 x 1015 /cm2. They reported a junction depth 
and sheet resistance of ~20nm and 500 Q/n respectively, after annealing at 600°C for 10s, 
They also reported a junction depth of ~10nm with a sheet resistance a round 1000 Q/n 
using an energy of 2 keV for a dose of 1 x 1015 /cm2. However the sheet resistance reported 
by [50] is about 16% higher than our results using a dose of lxlO14 cm'2 and an annealing 
temperature of 1100°C/10s. Our results show similar junction depth of ~15 nm with a sheet 
resistance ~1000 Q/d using an energy of 2 keV for a dose of 1 x 1015 /cm2.
Shibahara et al [47] has reported a junction depth of about ~19 nm with a sheet 
resistance of 1200 QJa using an energy of 10 keV for doses ranging from 1 x 1014 /cm2 to 
1 x 1015 /cm2 after annealing at 850°C for 10s. The dopant loss is increased by 17 % for an 
implantation dose of 1 x 10l5 /cm2. We observe similar decrease in the electrical activation 
and decrease in the sheet resistance with increasing dose from 1 x 1014 /cm2 to 1 x 1015 /cm2. 
Shibahara et al. reported an electrical activation of 7% and a junction depth of ~13nm with 
a sheet resistance of 1200 Q/n for 10 keV Sb+ implantation into Si at a dose of 1 x 1014 
/cm2. However we obtained 60% electrical activation and a junction depth of ~22nm with a 
sheet resistance of 400 £2/n using an energy of 5 keV for a dose of 5x 1014 /cm2. We found 
that at a dose and energy 1 x 1015 /cm2 and 2 keV respectively, a junction depth of ~15nm 
with a sheet resistance of 1000 QJa is obtained. We argue that the junction depth ~13nm as 
reported by Shibahara et al using an energy of 10 keV is not correct. We believe that a 
lower energy (2keV and 5keV) is required to achieve such an ultra-shallow junction depth.
Williams et al [40] has used RBS to monitor silicon lattice damage, antimony atom 
location and depth distribution for antimony implants into silicon using an energy of 80 
keV at annealing temperature 1000°C-10s, at different doses from 3 x l0 14/cm2 to 
3x 1016/cm2. They have shown that the junction depth increases from 52nm to 60nm and a 
decrease in electrical activation from 100% to 22% with increase in annealing temperature 
from 580°C to 1000°C at a dose of 5x 1015 cm. They have also observed a decrease in the 
antimony substitutional fraction from 100% to 10% with increase in dose from 3 x l0 14 
/cm2 to 1 x 1016 /cm2. We observe a similar trend for 40keV antimony implants using a dose
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of 4x 1014/cm2. Rutherford backscattering spectrometry has shown that the junction depth 
increases from 60nm to 80nm and a decrease in electrical activation from 90% to 62% with 
increase in annealing temperature from 700°C to 1100°C. Williams et al [40] have also 
observed a decrease in the antimony substitutional fraction from 94% to 72% with increase 
in annealing temperature.
For 40 keV Sb, the sheet resistance goes through a minimum of 187 Q/n (at 900°C) 
with increasing annealing temperature [see section 5.2]. A. Nylandsted-Larsen et al [22] 
has reported profile broadening and a reduction in the peak atomic concentration using 
Rutherford Backscattering Spectroscopy (RBS) following high temperature anneals 
(>900°C) for 80 keV Sb+ implants at doses in the range of 2 x l0 15 to lx l0 16cm'2. 
Nylandsted-Larsen et al [22] has also observed a maximum electron concentration of 
4.5 x 1020 /cm3 for 700°C annealing, and a decrease in electrical activation from 97% to 
36% with increase in annealing temperature from 700°C to 1050°C at a dose of 2x 1015 
/cm2. Our results show similar behaviour with a maximum carrier concentration of 2x 1020 
/cm3 for 700°C annealing, and a decrease in electrical activation from 90% to 60% with 
increase in annealing temperature from 700°C to 1100°C.
Rucker et al [48] has reported a junction depth of about -60 nm with a sheet 
resistance of 300 O/d using an energy of 13 keV for dose of Sb of 4x 1014 /cm2 after 
annealing at 980°C for Is. The sheet resistance reported by Rucker is about 14% lower than 
our results for annealing temperatures of 1000°C/30s.
Kruger et al [51] has reported a junction depth of about -  20 nm with a sheet 
resistance of 300 Ll/a using an energy of 5 keV for dose of 4x 1014/cm2 after annealing at 
950°C for 5min. We obtained a junction depth of ~ 22 nm with a sheet resistance of 395 
£!/□. However the sheet resistance reported by Kruger is about 24% lower than our results.
Murto et al [19] has used a combination of laser thermal annealing (LTA) and rapid 
thermal annealing (RTA) to get shallower junction and higher activation. Better activation 
(78%) is obtained by using LTA only as compared to a combination of both LTA and RTA. 
A junction depth of 25nm is reported for antimony implant into silicon at a dose and energy 
of 2.06x 1015/cm2 and 5 keV after LTA only. But he has shown that a combination of both 
annealing techniques results in deactivation and dopant loss. Only 17.9% electrical 
activation has been obtained after 0.46J/cm2 LTA and 900°C/30s RTA. We obtain similar 
low electrical activation (-18%) after rapid thermal annealing (RTA) at 900°C/10s.
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Suzuki et al [35] has reported a junction depth of ~100nm after implanting antimony 
into silicon with a sheet resistance of 834 £2/q using at a dose and energy of 5x 1014 cm'2 
and 5 keV respectively using an annealing cycle of 1100°C for 2mins with close to 14% 
electrical activation. We have measured higher activation (-60%) and a sheet resistance of 
-420 £2/d using a dose and energy of 5x 1014/cm2 and 5 keV respectively after annealing at 
600°C for lmin. Suzuki et al reported the sheet resistance is constant a round 400 £2/n with 
longer annealing time from 10s to 5mins. For 5keV, longer annealing times from 15mins to 
60mins at 600°C result in no change in the sheet resistance (-400 £!/□). Our high and low 
energy implants (40keV, 12keV and 2keV) for different doses from 4x 1014/cm2 to 1 x 1015 
/cm2 after longer annealing times from 15mins to 60mins at 600°C and also at 650°C show 
similar electrical behaviour. Also, Suzuki et al reported atomic concentration profiles 
above the solid solubility; similar to our results we found the carrier concentration profiles 
above the solid solubility using a dose and energy of 5x 1014/cm2 and 5 keV respectively 
after annealing at 600°C for 10s.
5.10.1 General discussion
From what is reported so far, the use of antimony implantation in silicon seems a
promising way to achieve ultra-shallow, heavy doped, low resistivity S/D extensions, 
especially when the implants are performed into crystalline silicon. In order to achieve 
shallow and ultra-shallow layers the first parameter that has to be reduced is the ion energy. 
To follow this aim, a set of implants at 40 keV down to 2 keV has been performed. 
TRIM2003 simulations suggest distributions with a projected range from 26nm to 5.5nm. 
To avoid an increase in resistivity, the carrier concentration, or the mobility, has to 
increase. Table 5.17 allows a direct comparison of the sheet resistance data achieved for 
implants at 40 keV to 2 keV.
It must be noted that roughly 20 years have elapsed before our results proved 
conclusively that good electrical properties (carrier concentration and mobility) are 
possible after antimony implantation into Si using low temperature annealing. A decrease 
in the ion energy from 40keV to 2 keY results in a decrease of the electrical activation from 
90% to 10%. However the shallowest junction depth (<20nm) is achieved at 2keV, but this 
is accompanied by an increase in the sheet resistivity. Significant broadening of the 
electrical profiles is observed for annealing temperatures greater than 800°C which rules 
out the use of high temperature processing. We have also reported a junction depth of about
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~60nm with a sheet resistance of 228 £2/n using a dose and energy of 4x 1014/cm2 and 40 
keV respectively after annealing at 700°C for 10s. An electrical activation of 90% is 
obtained. Annealing at higher temperature (1100°C) leads to a lower electrical activation 
(62%) and significant profile broadening.
We have used RBS to monitor silicon lattice damage, antimony atom location and 
depth distribution at a dose and energy of 4x 1014 cm'2 and 40 keV respectively. Our results 
have shown that the junction depth increases from 60nm to 80nm and a decrease in 
electrical activation from 90% to 60% with increase in annealing temperature from 700°C 
to 1100°C. We have also observed a decrease in the antimony substitutional fraction from 
94% to 72% by increasing the temperature to 1100°C. A junction depth of about 22 nm 
with a sheet resistance of 431 Q/a is obtained using an energy of 5 keV for dose of Sb from 
5x 1014/cm2 after annealing at 600°C for 10s. However a shallower junction depth (<20nm) 
with a sheet resistance of 1050 Q/a is obtained using a dose and energy of 1 x 10ls/cm2 and 
2 keV respectively after annealing at 600°C for 10s.
5.10.2 Summary
The following information can be deduced from our results:
• Low thermal budget has been used to obtain negligible diffusion and shallow junctions 
of antimony implants in silicon.
• Almost no change with annealing time in the sheet resistance and electrical activation is 
observed for low energy (2-5 keV) antimony implanted samples, which are annealed at 
600°C. .
•  A new layer removal technique in conjunction with Hall effect measurements has been 
developed to obtain reproducible carrier and mobility shallow doping profiles in ion 
implanted silicon with nanometre resolution.
• Both single and double energy implants of antimony have been electrically profiled. 
The double energy implants enable complete profiles to be measured down to the 
background level of about 1018 cm'3. We have successfully profiled Ultra Low Energy 
(ULE) antimony implants up to the tail region.
• Good agreement has been found between SIMS and RBS measurements of the atomic 
profiles for different annealing temperatures, implant energy and dose. DHE shows lower 
carrier concentration and profiles agree with SIMS and RBS only in the trailing edge.
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Chapter Six
Summary, Conclusions and future work
The summary, conclusions and proposals for further work are presented in the 
following sections.
6.1 Summary and Conclusions
Antimony and arsenic were implanted in crystalline silicon, arsenic as a control. 
A detailed study was performed to investigate the effects of the thermal annealing 
budget on the characteristics of the implanted layers. The electrical characterisation 
using the Van der Pauw method was used to obtain sheet resistance, sheet carrier 
concentration, sheet mobility and electrical activation. A new layer removal technique 
in conjunction with the Hall effect has been developed and has been used to obtain 
reproducible carrier profiles with nanometer resolution. The structural 
characterisation of the specimens was achieved using Rutherford Backscattering 
Spectrometry (RBS) (to achieve information about the retained dose and the 
substitutional fraction) and Secondary Ion Mass Spectroscopy (SIMS) (to obtain 
information on the atomic distribution of the dopant within the implanted layer) on 
selected sets of samples.
The reason for choosing to study antimony is because it has a higher atomic 
weight than arsenic. Therefore a shallower junction depth can be obtained as 
compared to arsenic implanted at the same energy.
The n-type layers in silicon devices were fabricated by antimony and arsenic 
implants. Comparisons of electrical activity and sheet resistance data for both the low 
energy and high energy antimony and arsenic implants are made. For the high energy 
(40 keV) antimony implants, the highest electrical activation (>90%) and lowest sheet 
resistance (180 Cl/a) are obtained at the lowest annealing temperature of 700°C (30s). 
In contrast, for arsenic at an equivalent projected range, we find that the electrical 
activity is only about 75% and does not vary significantly with annealing temperature. 
Furthermore, for the arsenic implants, the sheet resistance is lowest (200 £!/□) at the 
highest temperature (900°C). For the lower energy (12 keV) antimony implants, there
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is only a small difference in the electrical activation for antimony implanted samples 
annealed at 850°C compared with arsenic. Higher annealing temperatures improve the 
electrical activation for arsenic implants but not for antimony implanted samples. The 
trend obtained in our measurements is of increasing activation for antimony with 
decreasing annealing temperature and an increasing activation for arsenic with 
increasing annealing temperature.
A comparison is made between the electrical characteristics by Differential Hall 
Effect (DHE) technique and Rutherford backscattering (RBS) measurements for 
different annealing temperatures. For antimony implants at 40 keV and at a dose of 
4 x l0 14 cm'2, the highest electrical activities were about 90-95% with a corresponding 
sheet resistivity of about 200 D/d for samples annealed at 800°C and below. The peak
9 0  1 •electron concentration (2x10 cm' ) was found to be well above the published solid 
solubility limit (7xl019 cm'3) following these low temperature anneals. The junction 
depth of 60nm was essentially that of the as-implanted atomic profile, so no 
measurable diffusion of the antimony occurred at the low temperatures where 
optimum electrical results were obtained. We have found very good agreement 
between the RBS determination of the substitutional fraction and the electrical 
activity measured by the Hall effect.
For 12  keV antimony using a dose of 8.5xl014 cm'2, the highest electrical 
activities (> 9 0 % ) and the lowest sheet resistance values (< 2 0 0  D / d ) were obtained for 
antimony implants at the lowest annealing temperatures, 650-700°C. Longer times 
were required which is thought to be necessary to allow complete regrowth of the 
amorphous layer by solid phase epitaxy (SPE). No improvement in the electrical 
activities and sheet resistance values were observed by going to times greater than 
lOmins.
A new layer removal technique in conjunction with Hall effect has been 
developed, which provides a method to obtain reproducible carrier profiles with 
nanometer resolution. The method entails layer stripping by growth of a native oxide 
and use of a second higher energy implant. For 5 keV antimony primary implants, the 
use of a secondary higher energy (70 keV) implant enables the measurement of the 
complete electrical profile down to the 1018 cm'3 level, although the peak carrier
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concentration may have been lowered as a result of this secondary implant. For the 
single 5 keV implants, the highest electrical activation was about 60% with a 
corresponding sheet resistance of about 400 Q/d for samples annealed at 800°C and 
below. A junction depth of 22nm is determined by SIMS and DHM, so no measurable 
diffusion of antimony occurs below 800°C, where optimum electrical results are 
obtained.
Similar experiments were performed using 2 keV antimony implants with a 
secondary higher energy (30 keV) implant so that the measurement of the complete
I Q  O
electrical profile down to the 10 cm' level can be obtained. The sheet resistance was 
about 1000 Cl/a and the electrical activation about 10% after annealing in the range 
600°C to 700°C. We have found that no measurable diffusion of antimony occurs for 
annealing temperatures of 800°C and below. In contrast, high temperature anneals 
(>900°C) produce significant broadening of the electrical profiles. A minimum 
junction depth of about 17nm has been achieved independent of annealing 
temperature up to 800°C. These results are important and have significant 
ramifications to the semiconductor industry.
Almost no change in the sheet resistance and electrical activation is observed for 
samples implanted from 2 keV to 40 keV for times between 10s and 60mins. 
Agreement within experimental uncertainty is obtained between the carrier 
concentration profiles measured by the Differential Hall effect technique and atomic 
profiles measured by SIMS in the deeper part of the profile.
A decrease in the ion energy from 40 keV to 2 keV results in a decrease in the 
electrical activation from 90% to 10% because the solubility is exceeded at the low 
energy. However a shallower junction depth (<20nm) is achieved at 2 keV. An 
increase in the sheet resistivity is also observed with decrease in the ion energy. For 
all ion energies, diffusion of antimony (profile broadening) is observed for annealing 
temperatures greater than 800°C.
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It can be concluded that these results clearly demonstrate that better electrical 
characteristics are obtained for antimony compared with arsenic for both high and low 
energy implants using a lower thermal budget. .
From chapter five, low temperature annealing (600°C-800°C) produces best 
electrical properties for 2 -5 keV antimony in silicon. .
A novel method of measuring earner concentration and mobility profiles with 
nm resolution has been developed. This method is very effective for ultra-shallow 
junction profiling in silicon.
It was also concluded that the use of double implants, e.g. 2 keV + 30 keV 
enables the complete determination of electrical profiles (even at the tail of ultra­
shallow junctions).
Another useful result that arose from this work is that the junction depths and 
sheet resistivities are close to the requirements of the International Technology 
Roadmap for Semiconductors (ITRS) for future generations of CMOS devices. This 
suggests that these results have some ramifications for ultra-shallow junction 
formation in silicon.
6.2 Future work
For complementary metal oxide semiconductors (CMOS) processing, providing 
quality junctions need anneals <800°C to avoid diffusion and maximise electrical 
activation and mobility. Future experiments should focus on the influence of pre- 
amorphisation and low temperature solid phase epitaxy (SPE) regrowth on the 
electrical activation of low and high dose Ultra Low Energy (ULE) antimony.
Damage simulation and RBS illustrate that for mid dose (~1014 cm'2) samples 
the whole of the dopant is not within an amorphous region. Future work should 
concentrate on the creation of an amoiphised region that incorporates the whole of the 
dopant distribution to try and increase the overall dopant activation and mobility. 
Through doing this the optimum antimony dose could be identified by decoupling the 
dopant density and the respective damage created. In future work a pre amorphisation 
step should be introduced to incorporate the whole of the antimony profile.
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